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ABSTRACT 
Gaseous nitrous acid (HONO) was produced in a 
discharge flow-mass spectrometric system by the reaction 
of hydroxyl radicals with nitric oxide, 
OH + NO + M HONO + M. 
A peak was observed at mass 47 (the parent peak of nitrous 
acid) showing that the acid could be detected mass 
spectrometricallye A totally satisfactory source of 
hydroxyl radicals could not be found and so studies 
of the reactions of nitrous acid could not be undertaken. 
The reactions of ozone with methyl and ethyl 
nitrites were studied in a static reaction vessel using 
an infrared spectrometer for analyses~ The reactions were 
found to be the simple oxidations yielding the nitrates 
RONO + o3 
The rate expressions obtained forfuese reactiomwere 
1 
( 3 -·1 -1) ( + ) ( 2 + ~1) 1og10k em melee. s = -12~17-0.L~6 - :t~~~"3-~~l~;-kJ .mol . 
for R = methyl and 
log10k(cm3molec7
1
s-
1 ) = (-15.50~0.32)- (19.6;1.9 kJ.mol-1) 
2.303RT for R = ethyl. 
The only unusual feature of these reactions was the 
unexplained extraordinarily low value of the Arrhenius 
parameter in the ethyl nitrite reaction. 
The reactions of hydrogen atoms with methyl and 
ethyl nitrites were studied in a discharge flow-mass 
spectrometric system. The products observed in the methyl 
nitrite reaction were hydrogen, nitric oxide, methane, 
water and formaldehyde. Methanol was detected at higher 
pressures with either methoxy radicals or nitroxyl 
molecules (or perhaps both) detected as intermediates. 
The products detected from the ethyl nitrite reaction 
were hydrogen, nitric oxide, ethane, water and possibly 
formaldehyde. Ethanol was detected at higher pressures, 
with acetaldehyde, the ethoxy radical and nitroxyl 
molecule detected as intermediates. Several products 
were verified by reacting the nitrite with deuterium 
atoms. 
The primary reactions were shown to be 
H + RONO RO + HNO 
--7 RH + N0 2 
~ R_HO + H2 + NO 
where in the methyl nitrite reaction the yield of methane 
was found to be 8.7!1.5% of the consumed nitrite .. The 
primary rate constant expressions obtained for the loss 
of nitrite were 
2 
log10k(cm3molec:
1 s-1 ) - (-10.61.:t0.20) - ('16 .. 2 !1 .. .2:_kJ .. mol-1 <) 
2.303RT 
for R = methyl and 
log10k(cm3molec:
1 s-1 ) = E-11.06±0.20)- h3.8L!-':!:.1.0t;.JrJ,.mol-'1 ) 
\ 2.303RT 
for R -- ethyl. 
CHAPTER 1 
INTRODUCTION 
1. GENERAL INTRODUCTION 
This study involves the analysis of the kinetics 
and mechanisms of the reactions of methyl and ethyl 
nit es with ozone and hydrogen atoms. 
The discharge flow-mass spectrometer system 
used in the hydrogen atom s·tudy was originally 
assembled with the intention of investigating the fast 
reactions of chlorine dioxide with hydrogen, oxygen 
and nitrogen atoms, the oxygen atom reaction having a 
rate constant of ater than 10-11 cm3molec:1s-1 • (i) 
However, before any reproducible results could be 
obtained the results of an examination of these reactions 
were published ( 2 ) and this project was therefore 
abandoned .. 
Nitrous acid has been postulated as an important 
atmospheric species (3, 4·) and it was planned to use 
the discharge flow system and mass spectrometer to make 
and detect gaseous nitrous acid. Following thi studies 
of the reactions of nitrous acid with important 
atmospheric species such as ozone and atomic hydrogen, 
nitrogen and oxygen were to be undertaken. 
It proved impossible to unambiguously teet 
nitrous acid, so as an alternative methyl and ethyl 
nitrites were taken as model compounds for the acid. 
The heats of formation of these three compounds are 
3 
similar, as are their structures, with all exhibiting 
cis-trans isomerism. (5,G) The weakest bond in all 
three compounds is the 0-NO bond, the bond dissociation 
energies being 206.3 kJ mol-1 in nitrous acid and 175$0 
4 
and 175.7 kJ mol-1 in methyl and ethyl nitrite respectively. 
The alkyl nitrites are of interest in their own right as 
they have been postulated as intermediates in photochemical 
smog (7) and little gasphase kinetics has been carried 
out on carbon, nitrogen, oxygen compounds. If the 
nitrite was reacted with an energetic species such as 
an atom it appeared likely that the alkoxy radical 
would be a primary product. Alkoxy radicals have been 
postulated as being important in photochemical smog (7) 
but all kinetic information involving them is either 
estimated or obtained indirectly. The main reason for 
this lack of information is that the alkoxy radical has 
no distinctive optical spectra and the e.s.r spectrum (~) 
is very poorly resolved making the radical very 
difficult to detect. It was hoped to be able to study 
some kinetics of the alkoxy radical by finding a fast 
alkyl.nitrite reaction to produce the radical and use 
the mass spectrometer for its detection. 
There was no detectable reaction between nitrogen 
atoms and the nitrites~ In addition the reaction with 
oxygen atoms appeared to be too slow to conveniently 
obtain kinetic data with the discharge flow system 
available. A study of this reaction which confirmed the 
slow rate, was published during the course of this work9(9) 
The reaction of hydrogen atoms was found to be faster 
than that with oxygen atoms. Since it was also easier 
to produce concentrations of hydrogen atoms above 
0.10 Torr than it was with oxygen atoms, the reaction 
could be conveniently studied in the discharge flow 
system. 
The reactions of the nitrites with ozone proved 
to be too slow to measure in the flowing system, but 
since both species are stable it was possible to 
introduce the reagents into a static system where the 
reaction proceeded at a measurable rate. Continuous 
monitoring of concentration of a given species and 
product analyses were performed using an infrared 
spectrophotometer. 
2. SUl\ITh'lARY OF THE THESIS 
5 
Chapter is a review and examines the importance 
of gas phase hydrogen atom, ozone, nitrite and nitrous 
acid reactions with special emphasis being placed on 
their atmospheric significance. Laboratory methods of 
studying the fast reactions of hydrogen atoms are 
covered as are previous studies of nitrite reactions. 
Chapter I gives details of the equipment 
and procedures used to obtain the kinetic and mechanistic 
data. 
Chapter IV describes the attempts to detect gaseous 
nitrous acid in the discharge flow-mass spectrometric 
system, sugt;ests reasons for the failure to unambiguously 
do so and suggests potentially more productive approaches. 
Chapters V and VI examine the data obtained from 
the nitrite reactions with ozone and hydrogen atoms 
respectively. The rate constants, stoichiometry and 
products are quoted and mechanisms postulated. 
Chapter VII summarises all the results obtained, 
draws conclusions and indicates possible directions for 
future research. 
The Appendices contain the thermochemical data 
and some notes on the safe handling of ozone. The 
mathematics involved in describing heat transfer into 
the flow tube along with full details of the data 
analysis are included. Finally the computer programmes 
used in this study are described and sample outputs 
reproduced. 
6 
CHAPTER II 
REVIEW 
1. HYDROGEN ATOM REACTIONS 
Reactions 
Langmuir ( 10- 12) found that low pressure hydrogen 
gas in contact with a heated metal filament at between 
1300 and 2500 K became "active", suggesting that the 
hydrogen was being d sociated into atoms. His evidence 
for the production of atoms included a reduction in 
pressure when pure hydrogen was activated, which he 
attributed to atom absorption, either chemical or 
Physical, on the vessel walls. Mixtures of hydrogen and 
oxygen gave pressure changes credited to the production 
and subsequent reaction of hydrogen atoms. Also, the 
reduction of tungstic oxide, wo3, and platinum oxide, 
Pto2 , on the vessel walls by "active hydrogen" gave 
evidence for H-H bond rupture and the long life of the 
atoms at low pressure. Tollefson and LeRoy used th 
heated filament method to produce hydrogen atoms at low 
pressure and attempted to study their reactions with 
acetylene. ( 13) The production of atoms by this method 
has not been widely used as d charge methods have been 
found to give better yields of atoms. 
( 14·) Wood showed that hydrogen atoms produced in 
a low pressure electrical discharge could be pumped from 
the discharge region and showed that they persisted for 
7 
over 0.2 seconds. ( 15-17) Bonhoeffer developed what is 
generally known as a Wood-Bonhoeffer tube, in which 
hydrogen atoms are pumped from an electrical discharge 
into a reaction tube containing an inlet which allows 
addition of a reagent to react with the atoms. Full 
experimental details of this technique can be found in 
the book of Gowenlock and Melville. (1S) Other early 
workers to use the Wood-Bonhoeffer tube were Gieb, 
Rodebush and Harteck and the work up to 1934 covering 
the reactions of hydrogen atoms with 02 , CO, NO, HCN, 
NH
3
, CH3NH2 , so2 and c6H6 has been summarised.C
19,20) 
Despite the large number of reactions studied the 
8 
limited experimental techniques available (generally 
only wet chemical analysis of trapped products) prevented 
the full investigation of the kinetics and mechanisms. 
Very little progress was made in overcoming these 
deficiencies until the late 1950's. A review of the 
experimental methods used, and the reactions studied up 
to the early 1950's is given by Steacie. ( 21 ) 
The first major increase of interest in atomic 
gas phase reactions came in the 1950's. Combustion was 
known to propagate via atomic and radical intermediates 
but the complexity of a flame or explosion made direct 
measurements of the reactions involved impossible. 
Therefore it was desirable that met;hods of studying the 
elementary reactions in isolation be devised. Also, the 
airglow and observat of hydroxyl radical emission in 
the sky ( 22 ) led to an upsurge of interest in the chemistry 
of the atmosphere.. As with the combustion prob1em,studies 
of the elementary reactions were required especially 
those involved in hydrogen-oxygen and hydrogen-
nitrogen-oxygen systems. This interest in atmospheric 
chemistry has been greatly accelerated in the last 
ten years by the problems of smog and possible 
disturbance of the atmospheric ozone layer. The latter 
problem led to the C.I.A.P.* programme involving 
several hundred workers in studies related to the 
stratosphere (See Section II.2. (1) ). 
Hydrogen atoms are important in combustion 
processes because in the reaction zone of a hydrogen 
or hydrocarbon flame the hydrogen atom has one of the 
highest concentrations of any active species, atom 
or radical, sometimes reaching above 10% of the total 
9 
gas flow. (23) This high concentration coupled with the 
high reactivity makes it one of the most important 
species in the flame. Hydrogen atoms are also 
impo ant in the upper regions of the atmosphere. 
At 80km the hydrogen atom concentration has been 
calculated at 3 x 10 -B Torr in a total pressure of 
6 x 10 -3 Torr• This makes atomic hydrogen the 
fourth most abundant species after the unreactive 
molecular forms of oxygen and nitrogen, although 
it is probably 1 to 2 orders of magnitude lower 
in concentration than atomic oxygen. (24) 
* Climatic Impact Assessment Programme Sponsored by 
U.S. Department of Transportation (1971-1975). 
The upsurge of interest in atomic reactions was 
coupled with advances in technology which enabled an 
expansion in the capability of experimental techniques 
and provided new methods of studying reactions. The 
main improvements came in atom production and methods 
for the in situ ident ication and estimation of 
gaseous species. 
As a result of all these factors the number of 
reactions under study increased greatly and has 
continued to do so to the point where reviewers have 
difficulty in keeping up with the output of papers. 
Regular reviews appear approximately biennially in 
various annual reports ( 25, 26 ) and data on high 
temperature reactions are now being collated and 
evaluated. (27) The C.I.A.P. programme led to a 
critical evaluation of the rate data relevant to 
atmospheric studies ( 28 ) and a copy of the 
suggested kinetic data report has been published in 
the book of McEwan and Phillips. (29) Finally, the 
large number of conferences on gas kinetics yield 
10 
publications which contain the currently accepted values 
for kinetic data, (30) the most regular conferences 
being those of the bombustion Institute. (31 ) 
(2) ~xperimental_¥e~hods for the Studl of 
ions 
(a) Fl In the primary reaction zone of 
hydrogen and hydrocarbon flames high concentrations of 
hydrogen atoms, up to 10% of the total gas flow, (23) 
are produced and although recombination is rapid 
11 
concentrations of 1% further up the flame are common • (32) 
.As the bulk of the gas moves up the flame these atoms 
react with other species as in a eonventional flow 
reactor. Hydrogen atoms ong with many other atoms 
and radicals have been detected mass spectrometric ly (33) 
but generally flame ud s use optical spectroscopic 
techniques because of the high temperatu:ces involved -
between 1000 and 3000IL ( 3l+) 
The emission from added sodium, lithium or 
copper atoms in the flame is dependent on hydrogen atom 
concent ion, and a knowledge of the mechanisms involved 
has led to methods of obtaining hydrogen atom 
concentrations. (35-38) Since flames are generally 
burnt at a total pressure of one atmosphere most of 
the hydrogen atom reaction rates obtained ha~e been for 
third order recomb)_nation processes, although much 
kinetic data has been inferred from the effect of trace 
additives on hydro n atom concentration. 
A regular revievv of flame chemistry is afforded 
by the bienn::tal conferences of the Combustion Institute 
the papers and discussions from which are published. (31) 
(b) Shock Tubes. This technique provides an 
alternative method of determining rate constants at 
high temperatures but at a wider range of pressures and 
temperatures than is possible with flames~ 
The sudden release of a high pressure of a buffer 
gas, e.g. helium, into a low pressure reactant gas in a 
reaction tube, produces a supersonic shock wave which 
travels down the tube generating temperatures from 
1000 to 20, OOOK within nanoseconds. This temperature 
rise lasts for several hundred microseconds and all 
12 
measurements must be taken within this time. The sudden 
temperature rise dissociates a major proportion of the 
reactant gas producing atoms and/or radicals whose 
subseque~t reactions can be followed, generally by 
absorption or product emission, to yield kinetic data. 
Several reviews on experimental t·echniques and applications 
to simple systems are available (39-41 ) and the 
Combustion Institute Symposia devote a session to shock 
tube studies. ( 31) 
(c) Flash Photolzsis~ There are two basic 
flash photolysis techniques. The first being the 11 0ne 
off" experiment devised by Norrish and Porter (ll-2 ) 
which uses a single high energy flash, the second uses 
a lower energy repetitive flash and requires signal 
averaging techniques to give the required data~ 
In the first method. the gas srunple is subjected 
to an extremely high powered light pulse of up to 25kJ 
delivered within 10 microseconds, which photolysas the 
sample producing atoms or radicals under either 
adiabatic or isothe·rmal conditions. In the standard 
experiment a second,lower energy,spectroscopic flash is 
fired a known time after the initial flash and the 
absorption spectrum of the gas sample over the entire 
wavelength range is recorded on a photographic plate. 
In this way many reactive intermediates have been 
identified and the rates of their decay through reaction 
13 
determined by varying the time between the initial and 
spectroscopic flashes. It is also possible to use a 
continous light source and a spectrometer to monitor 
the absorbance of a particular species as a function 
of time after the initial flash. A recent advance has 
been the use of atomic resonance fluorescence to 
specifically detect hydrogen atom concentrations after 
the flash, the advantage of this method over absorption 
being its higher sensitivity. (4 3) 
In the second method a lower powered flash lamp 
is pulsed to produce the required atoms and decay in 
atom concentration can be measured by atomic resonance 
fluorescence in the period the lamp is off. Since only 
small concentrations of ~toms are produced these 
fluorescence signals are very weak and single photon 
counting and signal averaging techniques are required to 
give a sufficiently large signal. The reactions of 
hydrogen atoms with formaldehyde and phosphine have been 
studied this way1 the atoms being produced by the 
photolysis of the formaldehyde (44 ) and phosphine ( 45) 
respectively. 
A review by Willets covers the evolution of flash 
photolysis and serves as a good introduction to the 
technique and its applications .. (46) 
(d) Contin~2us Photg_~:l~~~· This method differs 
from flash photolysis in that rather than using a 
single high powered flash to photolyse the sample, the 
light source is lower powered and operates continuously .. 
This gives a steady production of atoms and generally 
takes many minutes to achieve the same extent of 
photolysis as the flash. 
In a typical experiment the reagents are 
photolysed to produce hydrogen atoms either directly 
from molecules such as formaldehyde or hydrogen 
sulphide, or by mercury photosensitised decomposition 
of hydrogen or a suitable hydrogen containing compound~ 
The atoms produced can then react with the reagents 
present in the system and once the photolysis has 
ceased analysis for products is usually carried out by 
gas chromatography or mass spectrometry. This method is 
usually used to obtain relative rate constants by having 
more than one reagent in the system, but has not been 
widely used. The most important uses of the technique 
have been reviewed by Thrush ( 47) and Cvetanovic.. ( l~S) 
(e) sed Molecul The usefulness of 
crossed molecular beams has been realised by kineticists 
for some time, their advantage being that the effects of 
individual collisions can be studied. Examination of the 
angular distribution of reactants and products after 
collision gives an understanding of the molecular 
dynamics of a collision whether it is reactive or 
unreactive. Initially the difficulty of producing high 
concentration beams meant that only alkali metal atom 
( '-1·9) reactions could be studied. Recently methods have 
been developed for increasing beam density and more 
sensitive detection using mass spectrometers (50,51 ) and 
laser induced fluorescence (52 ) has allowed a wider 
range of reactions to be studied. 
It is now possible to analyse the emission 
spectra of products and recent papers report the use 
of laser induced fluorescence to obtain internal energy 
distribution in product molecules (53) such as hydroxyl 
15 
radicals ·in the reaction of hydrogen atoms with nitrogen 
dioxide~ (57) 
(f) This has been 
the most widely used method for studying the reactions 
of hydrogen atoms because the atoms can readily be 
generated and reaction times in the millisecond range 
are easily obtained. A standard discharge flow system 
is a modified version of the Wood-Bonhoeffer tube. The 
electrical discharge has been replaced by an electrodeless 
microwave or r.f. discharge which gives a more stable 
atom output over a much wider pressure range and obviates 
the need for the electrodes to be in contact with the 
gas thereby reducing the possibility of contamination6 
A mixture of a buffer gas, usually helium or argon, and 
hydrogen is passed through the discharge to produce the 
atoms. 'l'he gas mixture is then passed down the flow 
-1 tube with velocities from 1-20 ms and pressures from 
10-1 to 10 Torr are ma\intained by high capacity vacuum 
pumps. A second reactant is added to the flowing gases 
and as they flow down the tube the reaction can procef':)d, 
the distance down the tube being a measure of the 
reaction time. 
The major impetus to the method came in the late 
16 
1950's with the development of simple ecific and 
reliable methods of atom, radical and neutral detection .. 
The most important methods for atom detection include 
a number of titration methods along with e.s.r., optical 
and mass spectrometry. 
Since most hydrogen ato:n reactions have been 
studied us discharge flow systems and such a tern 
was u.sed in th work a more detailed d cussion of the 
uses of discharge flow systems will be reviewed in the 
next section. 
(3) Use of Di in Studies 
of H;y9:rog~!! . .Atom Reactions 
The usefulness of a discharge flow system in 
studying hydrogen atom reactions depends on the 
availability of methods for measuring concentra·tions 
and a knowledge of the limitations of the method,. This 
section will examine both of these problems. 
(a) Methods of Meas 
( i) Gas Chromatography: This technique only 
of use in determining concentrations of stable products 
but is capable of doing this quantitatively and with a 
very high degree o~ sensitivity. Products are e r 
trapped out from the flow system or bled into a sample 
bulb for later analysis. The method has been used in 
studies of the reactions of hydrogen atoms with 
ethylene (54 ) and deuterium atoms with hydrogen. ( ) 
It cannot detect atoms~radic intermediates and since 
the sample is stored ancl anal;ysed later there is no 
reaction time resolution possible. 
1'? 
(ii) Calorimetric Methods : These methods were 
devised to measure atom concentrations and involve 
inserting an active surface into the flow tube. The 
heat given out when atoms recombine on the surface can 
be measured and related to concentration. These methods 
are non-specific and ha"~Je been superseded by more 
specific methods. 
(iii) Electron Spin Resonance (e.s.r.) : An 
e.s.r. cavity can be incorporated into a discharge 
flow system and can specifically detect any species 
containing an unpaired electron. For example it can 
detect H( 2s) N( 4s) 0( 3p) 0 ( 3z+) but not Ar(1 S) or 2 g 
He(1 s). Hydrogen atoms have an absorption doublet and 
relative or absolute concentrations can be determined. 
Examples of reactions studied using e.s*r~ detection of 
hydrogen atoms include reactions with hydrogen 
(56) 
\ 
chloride, (57,5S) ethylene (59) and nitrogen dioxide. ( 60) 
( iv) Atomic Absorption This method is 
specific to the chosen atom and for hydrogen atoms Lyman 
o< radiation is passed into the flow tube the amount 
absorbed being proportional to the atom concentration. 
This technique has been used for studies of hydrogen 
atom reactions with acetylene and ethylene, ( 61) 
silane and germane. (G2 ) This method of detection has 
not been widely used for two reasons, firstly, the 
error is high as it requires measuring the small 
difference between high light intensities, and secondly, 
the low sensitivity in the case of hydrogen atoms. An 
absorbance of 0.029 corresponded in one system to an 
· 5 o-4 atom concentratlon of x 1 Torr. ( 61) 
(v) Atomic Resonance Fluorescence 
method of atom detection was originaily developed to 
measure hydrogen atom concentrations in a flash 
photolysis system ( 4 3) but has found applications in 
other experimental methods including dis charge flow 
systems. In the case of hydrogen atoms Lyman oc 
radiation is shone into the flow tube where some will 
be absorbed by the hydrogen atoms in the tube. These 
will then fluoresce and the fluorescence is 
measured at right angles to both the flow tube and the 
incident radiation. The advantages of th method are 
that the fluorescence intensity linearly related to 
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atom concentration at low pressures, and the high 
sensitivity being able to detect 3 x 10-7 Torr of atoms 
in the flow tube. (63) 
(vi) Chemical Methods The most '~Nidely used 
method of determining hydrogen atom concentration 
is by use of the "titration" reaction with nitrogen 
dioxide. (64) Provided reaction time is sufficiently 
long the overall reactjon is 
2H + 3N02 
The end point of this reaction can be detected mass 
spectrometrically by measuring N02 consumption, or by 
directly monitoring the atom concent ion using e.s.ro 
An e.s.r. study has confirmed the 2:3 stoichiometry of 
the titration reaction provided the walls of the flow 
tube are poisoned against atom recombination. If 
wall reactions become important the stoichiometry can 
change to 10H : 11N02 ? 
(60) 
Atom concentrations can also be determined by 
admitting nitric oxide to ·the flow tube downstream 
of the reactant inlet. (65,66) The reaction of hydrogen 
atoms with nitric oxide produces the excited nitroxyl 
molecule which gives infrared chemiltuninescence. 
* H + NO + M HNO + M 
* HNO HNO + h v 
The intensity of this luminescence is given by 
lo< [H] [NO] 
The proportionality constant contains a ometrical 
factor, an instrumental factor and the total pressure .. 
To determine concentration using this method it is 
normal to use a titration react ion to determine [n] and 
hence the proportionality constant. Once this is 
done absolute concentrations of atoms can be determined. 
This reaction can also be used to detect the end point 
of the titration reaction with nitrogen dioxide because 
I 0 when [H]= 0. 
(vii) Mass Spectrometers These instruments 
have been the most popular method of measuring 
concentration and the history of their use with d charge 
flow systems is well documented. (67,68) The main 
advantage of mass spectrometers over the other methods 
mentioned their versatility. Provided the sampling 
system is well designed atoms and radicals such as H, N, 
O, OH, H02 , NH2 and CN can be detected (
69) as can all 
stable molecules. It is a relatively simple procedure 
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to calibrate the spectrometer towards a stable species 
(see Section III..4 .. (3)) and to obtain absolute 
concentrations at the point of sampling. Calibration 
of the spectrometer towards N02 enables absolute 
hydrogen atom concentrations to be obtained using the 
titration reaction. Direct measurements of hydrogen 
atoms at M1 (mass peak 1) are complicated by 
contributions from molecular hydrogen and are generally 
not undertaken. With a specially designed electron 
gun it is possible to control the elec·tron energy 
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so that distinction between possible species of the same 
mass can be made on the basis of appearance potentials. 
Similarly it is possible to separate a parent ion froijl 
a fragment ion originating from a more complex 
molecule the latter generally having a higher 
appearance potential.. The mass spectrometer is also 
highly sensitive being able to detect partial 
preGsures of less than 10-8 Torr in the ion source. 
'l!he sampling and pumping systems must hold the 
-'~0-'~-mass spectrometer ion source at less than 1 Torr 
whilst the flow tube is at pressures from 10-1 to 10 
Torr. With this criterion established the reacting 
gases experience a pressure drop of at least three 
orders of magnitude on sampling. This quenches the 
reaction and no allowance need be made for additional 
reaction after sampling. This pressure drop means the 
limit of sensitivit;y of a mass spectrometer towards 
samples ,in the flow tube is from 10-3 to 10-5 Torr. 
The major disadvantage of the convention<ll. mass 
spectrometer is that for large molecules a large number 
of fragments are formed under electron bombardment, 
thus complicating the search for reaction products. 
A well designed electron gun can help overcome this 
problem by running at low electron energies but the 
sensitivity is greatly reduced and the higher filament 
temperatures required to run at these energies lowers 
filament life. Photoionisation, where the molecule is 
ionised by high energy radiation corresponding to 
11 - 14 eV, produces less fragmentation and although it 
has been used in some studies (70,71 ) it too suffers 
from the disadvantage of low sensitivity. 
(b) Limitations of Dis_£!.,!ar~.12w Sy~~~E!s• 
The exact mathematical description of the fast flow of 
a discharged gas through a cylindrical tube becomes 
extremely complex, even for a simple parabolic velocity 
profile, when volume and surface recombination, radial 
and axial diffusion and the viscous pressure drop are 
taken into account. 
It is normally assumed that in a discharge flow 
system that the concentration gradients are too small 
to give axial or radial diffusion, that surface 
recombination of atoms is small, and that the flow is 
"plug" - meaning that all sections of the gas move at 
the same velocity. 
The walls of a flow tube provide a surface on 
which atoms ean recombine and to prevent this it is 
necessary to poison the walls. This is usually done by 
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coating them either with orthophosphoric acid, (72 ) 
boric acid, (5B) teflon (73) or a mixture of silanes (74 ) 
which greatly reduces the rate of recombination, often 
by up to 4 orders of magnitude. (47) It has been 
found that in the absence of wall coating, chlorine 
atoms cannot be detected but that they are readily 
(58) detected on poisoning the flow tube walls. The 
same effect is to be expected with hydrogen atoms thus 
wall coatings are essential. The gas phase recombination 
of atoms is a three body reaction and providing the ·t;otal 
pressure kept low this reaction is too slow to proceed 
significantly. Hence, at pressures below 1 Torr w~th 
walls poisoned, the conditions prevailing in this work, 
atom recombination is negligible. 
Mulcahy and Pethard (75) have examined 
mathematically the error in the calculated rate constant 
arising from the assumptions of a linear velocity 
profile and no diffusion. They found the error to 
depend on the extent of reaction and the parameter~ 
given by 
tc, ( D 
L2 
where tc and L are the reagent contact time and distance, 
r is the tube radius, u the average velocity and D the 
diffusion coefficient. Using the most extreme values 
prevailing in this study of tc = 20 ms, L ~ 20 em, 
1 2 -1 
r = 1 em, u = 1000 em and D = 100 em s the value 
obtained fo~ is 0.03'1" '!'his value indicates that even 
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at 70% reaction the error in the calculated rate constant 
is only about 2%. As a rule of thumb Mulcahy (76 ) 
suggests that if the error in k is to be less than 10% 
in experiments involving up to 25% reaction the 
experimental conditions should be such that tc/L2P is 
less than about 5 x 10-3 s .cm-2Torr-1 .. (Where P is the 
total pressure). Usiug the above values and the total 
I 2 -l!-pressure of 0.1 Torr, tc L P = 5 x 10 an order of 
magnitude below the limit set. Hence the velocity 
profile and diffusion effects are not important in this 
study. 
The main source of error in this work is the 
viscous pressure drop down the tube and for the simple 
Poiseuille flow the pressure difference between two 
points a distance X apart is given by 
P 2 2 2 - p1 = 1 
Here F is the gas flow rate,zthe gas viscosity, T the 
temperature and R the gas constant. It was calculated 
that in some experiments the pressure drop was as high 
as 25% so the data analyses have had to include this 
effect. The full description of the effect of the 
pressure drop can be found j.n Appendix IV. 
2. THE IMPORTANCE OF GASEOUS NITRITES,NITROUS ACID AND 
OZONE 
The major interes·t in nitrites, ozone and nitrous 
acid at present lies in their relevance to atmospheric 
chemistry and a brief introduction to the structure 
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of the atmosphere is necessary before the chemistry can 
be considered. A full description of the atmosphere 
c (77) can be found in the book of M 8\van and Phillips. 
The atmosphere is divided into several regions 
dependent on altitude. The lowes.t of these is the 
troposphere which stretches from ground level to the 
tropopause, the height of which can vary from 8 to 15 km 
depending on season, latitude and time of day. rrhe 
troposphere is characterised by a decrease in temperature 
with increasing altitude from 300 to 200K and it contains 
all the air movement responsible for the weather. 
Between the tropopause and the stratopause at about 
80 km lies the stratosphere which has a temperature 
inversion, the temperature increasing from 200 to 300K 
in this region. This makes the stratosphere extremely 
stable to vertical mixing and although horizontal wind 
currents are strong there is very little vertical 
movement. These two regions are of most interest to 
chemists but above the stratopause are the mesosphere 
and the thermosphere which encompass the ion'!-sphere 
where ion chemistry becomes important but this will not 
be discussed here. 
( 1) Ozone and Oxides of H;z:drof~n and l~itro.s~:q 
in the Strato re 
There is a great deal of ultraviolet (U.V.) 
radiation produced by the sun which if it was not largely 
absorbed by the atmosphere would be injurious to life on 
earth. The dangerous wavelengths are those less than 
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300run and Figure II .. 'l (7S) shows the absorption of this 
radiation as a function of altitude and absorbing spec s. 
The radiation below 180nm is absorbed in the outermost 
regions of the atmosphere by the strong atomic and 
molecular absorptions of oxygen and nitrogen. For 
wavelengths below 242nm the weaker forbidden Herzberg 
continuum of molecular oxygen absorbs in the lower, 
denser regions of the stratosphere around 40km. This 
absorption produces atomic oxygen which reacts with 
molecular oxygen to give ozone which in turn absorbs 
strongly in the Hartley band and c'ontin]lu.m system 
between 200 and 300run. Hence, above 20km most of the 
harmful radiation has been filtered. 
Nitrogen and oxygen are chemicaLly stable and 
exist in high concentrations at all altitudes (see 
Figure II.2) (79) so their filtering action will be 
unaffected by any additional compounds in the atmosphere. 
However ozone :is highly reactive, has a maximum 
concentration some four orders of magnitude less than 
nitrogen and oxygen at t;he same altitude, and is 
confined to a relatively narrow band in the stratosphere. 
It would appear as though ozone is in a delicate balance 
in the stratosphere and that its concentration could be 
perturbed by additional atmospheric cons-t;ituents. The 
possible effect on life of a small change in ozone has 
been studied recently and it has been predicted that 
significant biological and climatic changes would result. 
The most noticeable effect on humans would be an 
increase in the incidence of skin cancer. It has been 
estimated that the additional U.V. radiation reaching 
earth due to a 5% decrease in ozone concentration 
would cause, on average, an increase of 10% in skin 
cancer cases in the United States. ( 80) Preliminary 
experiments show that crops such as peas and beans 
subjected to additional ultraviolet radiation show signs 
of growth suppression, ( 81 ) suggesting that ozone 
2? 
depletion could cause reductions in the yields of such 
crops. The effects of increasing U.V. radiation penetrating 
into the troposphere on world climate are unclear~ It 
appears as if a reduction in ozone would cause an 
increase in surface temperature although the causes 
of the ozone depletion would themselves cause uncertain 
climatic changes. (S2 ) All that can be said with 
certainty is that the climate would be affected but 
the present understanding of world climate is 
insufficient to predict the effects of perturbations .. 
The first explanation of ozone production in the 
atmosphere was published in 1930 by Chapman .. (83) The 
production mechanism consisted of oxygen photolysis to 
give oxygen atoms and their reaction with molecular 
oxygen to produce ozone .. 
02 + li...J ( A ..c. 242r;_.m) 20 .. • • • • • ( 1) 
0 + 02 + M ~ 07. ) (2) + M • . " . • • 
net production 302 + h-0+ M ~ 203 + M 
The destruction mechanism consisted of ozone photolysis 
and reaetion with oxygen atoms to give oxygen. 
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o3 + h-0 ()\~1100nm)-4 0 + o2 ••••••••• (3) 
0 + 03 202 • • • • • • . • • • (4) 
net destruction 203 + h D ~ 302 
This mechanism is known as the Chapman mechanism and 
reactions 1-4 as the Chapman reactions. It is the 
absorption of radiation in this mechanism which is 
responsible for the heating of the stratosphere and 
the production of the temperature inversion. UBing 
reactions 1-4 it is possible to determine the 
concentration equation for ozone, (84) 
+ 
== dt 
where k2 and k4 are the rate constants for reactions 
2 and 4 and J 1 and J 3 are the rate constants for the 
absorption processes. J takffiaccount of the wavelength 
variation of the incident radiation, the absorption cross 
section, and the quantum efftciency of the primary 
process. :B'or short times in which the incident radiation 
is constant the ozone concentration will be time 
independent. 
[03]2 
In this case the equation reduces to 
k2J 1 [02] 2[M] 
kL~J 3 
As altitude decreases [o2] and [M] increase so that [o3] 
should also increase. However J 1 depends on radiation 
less than. 2L~2nm which is 1('3.rgely filtered at altitudes 
above 30 km, so below this height J 1 decreases rapidly 
and so the ozone concentration passes through a maximtoo 
at about 30 km. This simple mechanism along with the 
temperature inversion is able to explain the presence of 
the ozone layer in the stratosphere. 
This mechanism remained virtually unchallenged 
until the 1950's when reactive species such as OH began 
to be identified in the atmosphere8 (22) Measurements 
of ozone concentrations and experimental values of the 
rate constants became available and calculations showed 
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that thi.s mechanism could not account for some 80% of the 
ozone produced, even with the inclusion of air motion and 
ground level destruction.. ( 8 5) It has since been found 
that the net destruction mechanism is that given by 
Chapman, but the reactions are catalysed by many of the 
naturally occuring reactive species in the stratosphere 
such as H, OH, H02 , NO and N02 • 
The products of water photolysis H, 0, OH, H02 
which are referred to as the odd hydrogen compounds have 
for several years been thought to influence the ozone 
balance. (86-90) Three catalytic destruction cycles 
are now known to be important because of the concentrations 
present and the known rates of reaction. Above l~5km the 
hydrogen and oxygen atom densities are high and so 
reaction 4 can be replaced by the catalytic cycle 
H + o3 
0 + OH 
OH + 0 2 
H + 0 2 
(91) 
net reaction ~ 20 2 0 G <f .. $ 4 ,; O ( l"') 
Between 30 and 45km where OH and H02 are more abundant 
a second cycle becomes more important. 
OH + o3 
0 + H02 
net reaction 0 
~ 
~ 
+ o, 
HO"> + 
L. 02 
OH + 02 
........, 202 .. 
( 9'1) 
" 
. .. . .. ~ • 
( l~) 
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These two schemes occur only in regions of low ozone 
concentration and so will not have a marked effect on 
total ozone concentration. However there is a further 
catalytic cycle involving hydrogen oxides which takes 
place below 30km and this replaces the complete ozone 
destruct ion mechanism of Chapman .. (91) 
OH + 03 
....__, H02 + 02 
H02 + o3 -~ OR + 202 
net reaction 203 --7 302 
Recent calculations have shown that these three schemes 
would account for an additional 10% of ozone consumed. (92) 
The major catalytic cycle destroying ozone involves 
the odd nitrogen oxides (NOx)vizo NO, N02 , N2o5 , HN02 
and HN03 .. The most abundant of these are NO, N02 and 
chemically unreactive HN03 .. Nitrous oxide N2o is 
produced at the earth's surface by bacterial act; ion and 
since it is inert below the tropopause it ultimately 
reaches the stratosphere. Once in the stratosphere it 
is photolysed by the shorter wavelength radiation and is 
largely converted to molecular nitrogen and oxygen, 
However the photolysis produces some nitric oxicle and 
furthermore the (o1n) atoms produced from the photolysis 
can react with nitrous oxide ·to produce nitric oxide (93-95) 
~ N +NO 
NO + NO 
It has also been suggested that the oxidation of naturally 
occurring ammonia may be a significant source of nitric 
oxideo The interconversion of odd nitrogen oxides, 
with the exception of nitric acid, is rapid and once 
the source of nitric oxide is e ablished so is the 
source of all other odd nitrogen oxides, 
The catalytic cycle based on the nitrogen oxides 
18 (93-95) 
NO + 03 ~ NO 2 + 02 
0 + N02 ----? NO + 02 
net reaction 0 + 03 202 • • • • • • .. • . ( J.i.) 
Estimates of nitrogen oxide concentrations in the 
stratosphere are difficult to establish accurately 
because of their low concentrations and the large 
natural variations. Present indications suggest that 
the concentrations are sufficiently high for the above 
catalytic cycle to account for the destruction of 70% 
of the produced ozone. 
Henc.e the Chapman reactions and the catalytic 
cycles involving odd hydrogen and nitrogen compounds 
quantitatively a.ccount for the ozone balance in the 
stratosphere. 
The atmosphere contains many constituents at 
low concentrations and so direct studies of its 
chemistry are impractic le. Many groups have 
attempted to study the chemistry of the atmosphere 
by modeling its bebaviour using computers .. (94,91,95,96) 
This they have clone by using known solar fluxes, known 
chemical reactions and their rates, a model for air 
movements and a set of initial concentrations to calculate 
the concentration profiles of reactive stratospheric 
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species such as NO, N0 2 , HN03 and 0. 'rhe test of these 
models is whether the calculated profile agrees with 
that measured. At present the major features of a 
profile, the order of magnitude of concentration and its 
approximate altitude dependence, can be simulated~ 
However, the low prec ion of model calculations and 
measured·profiles mean that deficiencies in the models 
do not become obvious. 
Oneof the major reasons for the present 
detailed knowledge of the chemistry of the stratosphere 
and particularly ozone chemistry, is that there has been 
concern that the ozone layer could be depleted artificially 
and that more U. V. radiation could reach the earth~ The 
main suggested cause of this depletion appeared to be 
the exhaust fumes from supersonic transport aircraft 
(SSTs) which fly in the stratosphere at altitudes of 
about 20km. These fumes which contain both hydrogen and 
nitrogen oxides would be deposited directly into the 
stratosphere and could upset the delicately balanced 
ozone concentration~ In 1971 the U.S. Department of 
Transportation set up the Climatic Impact; Assessment 
Programme (C.I.A.P.) to study the effects of exhaust 
gases from SSTs on ozone concentration,on climate and on 
biology • This programme involved several hundred 
workers and much of the present knowledge of the 
stratosphere has been gained as a result. 
Other than waiting to observe the ultimate effect 
on ozone concentration of a fleet of SSTs the only 'Nay 
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to study the problem is to use the atmospheric models to 
predict the change in ozone concentration of say, 
500 SSTs flying 5 hours per day at 20km. The major 
effect would be an ozone depletion due to the depositing 
of nitrogen oxides from the engine exhausts. The lack 
of measurements of natural levels and the fact that 
many of the proposed SST engines are not yet operational 
meant that estimates of the increase in ~itrogen oxides 
in the atmosphere as a result of SSTs have ranged from 
one third to more than double (S5) the natural level. 
Many groups applied their models to the problem and 
most of these are summarised by Johnstone. (B5) The 
calculated ozone depletion for the above conditions 
ranged from 8 to 23% with an average of 15% which 
represents a real problem since, for example, this 
would increase the incidence of skin cancer by some 
(80) However conservationists and the economic 
climate have ensured that the large numbers of SSTs 
envisaged a decade ago will not be built in the near 
future.. If large numbers of these aircraft are ever 
built it is clear that either the nitrogen oxide 
exhaust levels will need to be strictly controlled or 
the aircraft must fly at lower altitudes if the ozone 
layer is not to be significantly depleted. 
The variation in the calculated ozone depletion 
was not a function of the SST inputs but was due to 
differences in the chemical models of the unpolluted 
atmosphere. It must therefore be concluded that the 
chemistry is not sufficiently well understood for 
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modelling groups to take identical initial conditions and 
obtain the same results. 
The calculated nitric oxide prof es X and Y of 
M0 Elroy and McConnell (94 ) in Figure II.3 show the 
wide variation which can still be achieved within a 
given model and that riment measurements cannot 
be used to fully test the model. The figure shows a 
number of measurements of nitric oxide conc.entration 
made at different times and using a number of different 
techniques. It should be noted that there is a large 
natural variation in concentration and workers have 
noted a variation of up to a factor of three at the 
same altitude over a four hour ballo.on flight, (97) and 
also in measurements at the same point exactly one year 
apart. (98) These fluctuations are due to localised 
effects and air movements which are not well described 
in current models.. 1Phe large differences in measured 
conc.entration are somewhat exaggerated by the timing of 
experiments. Those performed at noon would be ectad 
to yield higher cone entrat ions than those at twilight 
because of the increased rate of nitrogen dioxide 
photolysis. The curves X and Y on the figure represent 
the maximum and minimum nitric oxide profiles 
attainable with the model by adjusting unknown parameters 
within their boundary limits 4 This shows that any 
measured profile can be accommodated by the model as it 
stands. Both the precision of the model and the measured 
profiles need to be improved before a more accurate 
picture of the chemistry can develop& 
To improve the model it is necessary to better 
define some of the more important experimentally 
obtained inputs to the model such as quantum yields and 
rate constants .. 'Fhe most important of se have been 
listed by Garvin et al .... (99) The modellers can only 
improve their models by includ additional reactions 
or excluding them if they have no effect on the 
calculated profiles. 
Schiff(4 ) has provided a good exrunple of the 
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type of problem a modeller faces in improving his modelq 
Nitrous acid formed by the reaction 
H 01 + N02 ~ HN02 + 02 ......... (5) 
with a rate constant of greater than 3 x 1o-13cm3molec.-1 
-1 s • The acid is lost by photo is but could be 
oxidised to nitric acid by ozone at an as yet unknown rate .. 
• • • • • ~ (6) 
These last two reactions are not included in models of 
the stratosphere. Figure II.4 shows a family of nitric 
oxide profiles c culated using the model of McElroy and 
McConnell (94-) and i:nclud the two nitrous acid 
reactions. Curve A the reference profile which omits 
both reactions. If either reaction is included singly 
the effect not large. For curve B kr has been set 
./ 
an order of magnitude higher than the limit at 
-12 3 -1 -1 2 x 10 ·em molec. s and k6 at zero. Sim arly Cllrve 
C is obtained with k5 at zero and k6 1 x 1o-
13cm3molec:1 
-1 s • When both reactions are included there is a large 
synergic effect where curves D1 , n2 , n3 and D4. were 
bt . d . h k 2 1o-12 d k 1o-17, o ·a1ne w1t 5 at x an 6 at 1 x 
respectively. These profiles all lie within the 
range of experimental values and it must be concluded 
-17 3 -1 -1 tmt if k6 is greater than 1 x 10 em molec. s then 
both theBe reactions are important and should be 
included in the model. Only if the rate of k6 is shown 
to be less than 1 x 1o-1 7c~3molec:1 s- 1 can the two 
reactiorn be discounted. 
In summary the major features of the chemistry 
3? 
of the atmosphere can be explained by current models 
although uncertaint~es in some experimental qua~n tities 
lead to widely variable results. The present need is to 
improve experimental inputs to these models for only 
then can the models be more rigorously tested .. 
(2) Photoch_:?l!!tS.~~g 
The word smog was originally derived to describe 
the mixture of smoke and fog responsible for the loss in 
visibility and increase in bronchial irritation in what 
was known as the London "pea-souper". Lately it has 
been used to describe any atmospheric condition which, 
as a result of pollution, produces a loss in visibility 
and some physical discomfort in humans.. Photochemical 
smog results from the action of sunlight on the 
exhaust fumes of internal combustion engines and occurs 
in most large cities which have large numbers of 
vehicles, sunlight and a stable air mass. The last of 
these conditions may be brought about by a temperature 
inversion over a valley or basin, the Los Angeles basin 
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being the prime example. Photochemical smog (hereafter 
referred to simply as smog) is formed on sunny days 
with low humidity and typical syn1ptoms are high oxidant 
levels, some loss in visibility due to a whitish haze, 
eye irritation in humans and crop damage. (101) 
A full discussion of the mechanism and effect of 
smog is outside the scope of this review but there are 
several comprehensive reviews available. 
In this section I will give a simplified version of the 
currently accepted models showing the importance of 
nitric oxide, nitrogen dioxide, ozone, alkenes, nitrous 
and nitric acids, their esters, hydroxyl, hydroperoxy, 
alkoxy and alkylpero::cy radicals. 
The number of published measurements on the time 
dependence of pollutant concentrations is small because 
variations in weather conditions, the very low 
concentrations being measured and the variable nature of 
pollutant inputs mean that results are usually 
irreproducible. A typical concentration time profile is 
( 101) shown in Figure II.5. To reduce the overall 
pollutant problem to simply a chemical one, most measurements 
are made in artificial "smog chambers". In these studies 
typical concentrations of pollutants such as nitric oxide, 
nitrogen dioxide, alkene (to represent all reactive 
hydrocarbon), carbon monoxide and water are put into the 
chamber together with purified air and subjected to 
radiation from a light source which simulates the sun. The 
photo-chemically induced reactions then take place and 
concentrations are measured as a function of time by 
0.5 -
0. 54- . 
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FIGURE II.5 AVERAGE CONCENTRATIONS OF POLLUTANTS ON A 
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chromatography, long path length I.R. or sometimes 
Fourier 'l'ransform Spectrometers. '11he advantages of 
using a smog chamber to obtain data are:the number of 
initial reagents is less; all non chemical variables 
are eliminated; product analysis is eas r; and the 
effect of a single pollutant can be dt1termined by 
varying its initial concentration. The results are 
concentration time profiles such as are shown in Figure 
II.6C.10\he smog chamber results show the same general 
features as the measured atmospheric results, viz .. , a 
rapid decrease in nitric oxide concentration in the 
presence of sunlight, a maximum in the concentration of 
nitrogen dioxide and an increase in ·ozone concentration 
only when most of the nitrogen dioxide has been 
consumed .. 
There are two approaches to the problem of 
understanding smog production. The f t is to vary the 
initial concentrations of trace pollutants in the smog 
chamber to find which of these spec s has the most 
effect on the resultant concentration profiles~ For 
example, carbon monoxide was found to be an important 
species in smog when it was observed that the addition 
of a trace of CO to a smog chamber mixture greatly 
increased the rate of removal of nitric oxide. ('106) 
The second, which benef s from the first, is to devise 
a mechanism for smog production, use this to calculate 
concentration-time profiles for all species and to 
l+O 
compare these with experimental values from smog chambers. 
The closer the agreement between the profiles the better 
the model. The ultimate aim of these studies is to 
fully understand the causes of smog and suggest methods 
to control it. 
The main features to be explained in Figure IL.6 
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are: the slow oxidation of the alkene; the relatively 
rapid oxidation of nitric oxide; the maximum in the 
concentration profiles of nitrogen oxides; the ultimate 
disappearance of the nitrogen oxides; and the appearance 
of ozone only when the total nitrogen oxide 
concentration falls. 
'l1he major source of, the input pollutants is the 
internal combustion engj.ne. Nitric oxide is formed 
from molecular oxygen and nitrogen by the extreme heat 
and in the exhaust system some of this will be oxidised 
to nitrogen dioxide by the termolecular reaction, 
• • • • • • & •• (1)* 
but once these products escape into the atmosphere~dilution 
ensures that this reaction is too slow to be significant. 
Nitrogen dioxide, since it is the principal light 
absorbing species, is the initiator of the smog through 
the decomposition 
NO + 0 • ,. . • • • . • • ( 2) 
which has a quantum yield of unity in the wavelength range 
295-11-30nm. The majority of oxygen atoms produced react 
with molecular oxygen to produce ozone 
0 + 0 0 + M c. o3 + M •• ~ •••••• (3) 
* Th~; numbering of equations recommences with each new 
section. 
Where the nitric oxide concentration is high it will be 
oxidised to nitrogen dioxide by the ozone 
N02 + 02 .... • • • • 6 • 
This three- ep mechanism explains the late appearance 
of ozone because while either nitrogen oxide is present 
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(4) 
ozone will react rapidly with nitric oxide and its 
concentr~tion will be kept low. Once both of the nitrogen 
oxides disappear then the ozone concentration will increase. 
The sum of reactions 2, 3 and 4 is nil yet the 
nitrogen dioxide which readily photolysed is, in the 
early stages of reaction, produced at a faster rate 
than it is destroyed. This implies that one or more 
species in addition to ozone are responsible for the 
oxidation of :nitric oxide to nitrogen dioxide. It is 
now generally accepted that the oxidation is performed 
by ozone or a peroxy,radical the general reaction being 
03 02 
H02 + NO N02 + HO • • • (5) 
H02 OH 
RC03 RC02 
Smog chamber studies have shown that the:; addition of a 
small amount of carbon monoxide greatly increases the 
rate of ni tr:Lc oxid'e loss ( 106 ) and the above react ions 
2 to 5 are not sufficient to explain this increase. A 
chain mechanism in which one hydroxyl radic can 
oxid e several nitric oxide mo ules in the presence 
of carbon monoxide has been used to explain the inerease .. 
OH + CO 
43 
R02 + NO ~ OR + NO 2 
net reaction CO + NO + o2 ~ co2 + N02 
The observed rate of alkene removal :ls faster 
than would be expected from oxidation by ozone and 
oxygen atoms alone and again radical intermediates are 
needed to explain the rate of alkene disappearance. 
Calvert et al. ( 105) have used a mechanism consist).ng of 
over 200 reactions to computer simulate smog charnber 
conditions and by fitting th mechanism to smog 
chamber data have determined the major creation and 
loss processes of the active species in smog eg. OR, 
RO, R02 , N0.3 and 
1 02 ( L\) .. Using this method they 
showed that OR radicals are responsible for over 80% 
the alkene consumption in the early stages of a smog 
chamber experiment. The other species which become 
H02 , 
of 
important a·t longer times are ozone, hydroperoxy (H02 ), 
oxygen atoms, and alkoxy radicals (RO). The reactions 
of nitrogen trioxide (No3) and singlet molecular 
oxygen (o2c'b) with the alkene are insignificant.. ('109) 
The importance of hydroxyl radicals in the oxidation of 
the alkene has been supported by the work of Lloyd et al •• 
(110) They have measured the initial rates of disappeB.r'ance 
of a series of alkanes, alkenes and aromatic 
hydrocarbons in a smog chamber experiment. Assuming that 
the observed hydrocarbon loss is solely due to reaction 
with hydroxyl radicals they obtained a series of 
relative rate constants for hydroxyl radical, 
hydrocarbon reactions. These rates appear to agree well 
with values obtained for hydroxyl radical reactions in 
conventional kinetic systems supporting the assumption 
of hydroxyl only attack on the hydrocarbon in the smog 
chamber .. 
The conclusions of Calvert et al. based on this 
mechanism must be treated carefully as the results are 
highly sensitive to mechanistic changes~ In an earlier 
(11"1) paper they showed that alkoxy radical attack on 
the alkene was :i.mportant but the subsequent inclusion of 
the additional reaction 
greatly lowered the concentration of the radical so the 
effect of its attack on the alkene was substantially 
reduced. 
A large number of radicals are required to explain 
the chemistry of the smoggy atmosphere but at present 
only the hydroxyl radical has been directly detected. ( 112' 
113) The production and rates of reactions of these 
radicals are of primary importance to the complete 
understanding of smogQ .Several radicals are assumed 
to come from the ozone~ oxygen atom oxidations of the 
alkene. Particularly important are the hydroperoxy (H02 ) 
and alkylperoxy (R02 ) radicals.. These are important in 
the nitric oxide ox-idation and upon reduction produce 
the equally j.mportant hydroxyl and alkoxy radicals .. 
The sources of radicals are numerous and as an 
example consider the sources of the hydroxyl radical OH. 
According to the model of Calvert et al. ( 105) the most 
important source of OH is from hyclroperoxy oxidation of 
nitric oxide 
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H02 + NO OH + N02 • • ~ • • • • • • ( 5c) 
the other major source is from the photolysis of nitrous 
acid 
HONO + OH + NO .. . • • • • ,. . . (9) 
Although it has been identified in a smog chamber ('1 14) 
the source of nitrous acid is still not fully understood. 
It can be formed by reaction of hydropero:xy radicals 
with nitrogen dioxide <100) 
HONO + o2 • • ( 10) 
by the reverse of reaction 9 or by the termolecular reaction 
2HN02 • • • .. • • • • • ~ • ( 11) 
The homogeneous gas phase rate of reaction 11 is slow and 
it is ignored in the model of Calvert et al., however it 
appears as if the reaction is heterogeneous. It may be 
possible for the reaction to take place on the surface 
of suspended soot or dust particles or in water droplets. 
If this is the case the reaction may well be a 
significant source of nitrous acid in a polluted atmosphere. 
Similar reactions are responsible for the production of 
other radicals in the smog. 
The ultimate decrease in nitrogen dioxide 
concentration represents the ect of the irreversible 
reactions removing nitrogen from the NO/N02 cycled 
Examples of these reac't1ons in decreasing order of 
importance are: 
OH + N0 2 + M 
cn3co3 + N02 + M CH3co20N02 i .M .. • .. • " ,. ( 13) 
CH3o + N02 + M ..___,. CH30N02 t M • • • • • • 3 • ( 1L~) 
The product of reaction 13 is peroxyacetyl nitrate (P.A.N.) 
which has been identified as one of the major eye 
irritants in smog. ( 101) 
The major features of Figure II.6 can be explained 
by current models although there is a danger that with 
the number of unknown rate constants what should be a 
test of a mechanism could become an exercise in curve 
fitting. (103) The simulations are still sensitive to 
small changes in mechanism and rate constant values. 
Dodge and Hecht ( 109) have endeavoured to find the 
reactions which introduce the most uncertaiirty: into a 
simulation. They have taken a restricted model of 31 
reactions and for each reaction calculated its S*U index. 
The S is the sensitivity of the concentration profiles 
to the value taken for the rate constant. The reaction 
of hydroxyl radical with the alkene has ah S value of 
28 showing the profiles are strongly dependent on the 
value taken for this rate constant whereas the reaction 
of oxygen atoms with alkene has far less effect with an 
S value of 2G The U is the known or estimated uncertainty 
in the rate constant. The S*U index is the product of these 
quantities so that reactions with high sensitivity 
and high uncertainty have high S*U values and more 
accurate data on the reactions is desired in order to 
better define the model~ Reactions with high S*U 
values were those for the production and destruction 
of nitrous acid, and reactions of the on, no2 , Rco3 , RO 
and R02 radicals. These reactions have high 
uncertainties in the production, detection and estimation 
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of the reactive species. 
The major challenge for experimentalists is to 
attempt to reduce the uncertainties in these sensitive 
reactions to impose more stringent restrictions on the 
models and so increase their accuracy and reliability. 
The ultimate aim of devising measures for smog control 
can only be considered once a full understanding of the 
mechanism of smog production is realisedo 
3. PREVIOUS STUDIES OF ALKYL NITRI'I'E REACTIONS 
Until the last year or two the interest in the 
gas phase chemistry of alkyl nitrites has been 
restricted to photolysis and pyrolysis studies. 
However recently, three direct studies of alkyl nitrite 
reactions have been carried out. 
( 1) E:hoto.ly§.iS_..2!Jlk;yl Nitrites 
There have been many studies of the photolysis of 
the alkyl nitrites, ( 8 , 11 5-122 ) but most of the earlier 
studies yielded little information as techniques were 
not available to detect photolysis products. 
A number of pieces of significant experimental 
work have lead to a better understanding of the 
mechanism of the photolysis"' 'rhese are now summarised .. 
Nitroxyl (HNO) was detected by l.nfrared spectroscopy in 
the photolysis of methyl .nitrite in an argon matrix. (11'7) 
Photolysis in an esr caYity at 77K showed no evidence 
for methyl radical production and a poorly resolved 
quartet absorption was assigned to the methoxy radical. (8) 
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Examination of the flash photolysis of methyl nitrite in 
the presence of added nitric oxide showed that nitroxyl 
was not formed in the primary photolytic step but in 
the reaction of methoxy radicals with nitric oxide. (120) 
The most extensive study of the photolys:i,.s of pure 
nitrite has been undertaken by Wiebe et al •• ('121-122) 
1rhey examined the photolysis of me·~hyl nitrite at 
366nm alone, and in the presence of n:i.tric oxide, nitrogen 
dioxide, oxygen or carbon monoxide using mass 
spectrometric and gas chromatographic analysis,. The 
quantum yield for the photolysis was found to be 0~76 
and produ.cts detected in the absence of added compounds 
were formaldehyde, methanol, water, nitrogen, carbon 
monoxide, nitric and nitrous oxides.. The mechanism 
postulated was: 
(the 
CH?ONO + h 1.) 
CH?O* + M 
CH~::O + NO 
;I 
CH ONO* + M 5 
2HNO 
HNO + 2NO 
CH30* 
H + NO + M 
asterisks indicate 
CH?O* + NO 
CH3o + M •• • 0 • " • • ( 1) 
CH20 + HNO •• ~ •.•• (2a) 
CH30NO*u •••••••• (2b) 
CH30NO + M • • • • • • • ( 3) 
N2o + H2o ..•.••. (4a) 
H2o2 + N2 • • • • • • • ( 4b) 
N2 + HN03 ••••••• (5) 
CH20 + H • • o • • • • • ( 6) 
HNO + 1\JI • & " ••••• (7) 
exc:Lted species). 
They v'l.rere ahle to determine the branch:i.ng ratios for 
reactions 2 and '+ as 
k2a = 0.145 and kl~a :::: 51 
k2atk2b kl~b 
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'11he quantum yield of nitrous oxide was determined. and 
was high at low pressures, up to 0.25, hut at high 
pressures decreased to 0.055 as all the excited methoxy 
was collisionally quenched. In the high pressure limit 
the yield of nitrous oxide was used as a measure of the 
extent of re ion 2. Alone and in the presence of 
added nitric oxide reaction 2 is the major loss process 
for methoxy radic s but with added carbon monoxide the 
nitrous oxide yield falls indic ing that the radicals 
are reacting with the carbon monoxj.de. Some carbon 
dioxide was detected but not sufficient for this to be 
the major product from carbon monoxide. 
In the absence of additional compounds and at 
small extents of photolys the minor products can be 
produced by the radical reactions 
2CH;;;O CH2o + CH3oH • .. .. • • • • :J 
--+ cn3oocH3 • .. • • • . • • • 
cn3o + HNO -> CH.,.OH + NO • • ~ • • 9 • • :J 
however once the nitric oxide concentration builds up 
these reactions become of little importance~ Carbon 
monoxide appears to come from rnethoxy removal probably 
via reaction _with formaldehyde 
(9a) 
(9b) 
(10) 
CH3o + CH2o 
with the CliO giv 
. .. ••• " • (11) 
CO upon further reaction. 
In presence of oxygen or nitrogen dioxide 
the additional product formed is methyl n rate coming 
from reaction of methoxy with nitro dioxide 
. . . • • • • • • 
. . .. • • • • 
(12a) 
(12b) 
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where :i.t was found that k12a rvK12a + k12b • 
with Baker and Shaw ( 123) who found k12a 
'l'his agrees 
= 0.91. 
Wiebe et al. postulated the oxidation of nitric oxide 
to be performed by the H02 radical via the react :ions 
crr3o + 02 ~ CH2o + H02 ~ • • • • • 
H02 + NO OH + N02 .. • • • • .. • 
with the OH being scavenged by either nitric oxide 
nitrogen dioxide. 
Gay et al. ( 124) have photolysed a range of 
nitrites in both air and pure oxygen in a l.J.60 litre 
vessel equipped with a multipass cell of path length 
~ 
9 
or 
• (13) 
.. (14) 
172 or 3Lf..l.J. metres and a Fourier Transform IR Spectro.meter 
operating in the range of 700-3400 cm-1 • This equipment 
is capable of detecting concentrations of species in the 
parts per million (ppm) range. Between 2 and '10 ppm. of 
the nitrite were photolysed in an atmosphere of purified 
air and in ·the case of methyl nitrite the products were 
formaldehyde, carbon monoxide, nitric .acid, ozone, formic 
acid, nitrogen dioxide and dinitrogen tetroxide (N2o5). 
The mechanism invoked was virtually the same as that of 
Wiebe in the presence of oxygen but additional reactions 
were required to account for the lesser additional products. 
CH30NO +h-0 CH3o + NO 
cn3o + NO ~ CH2o ·I- HNO ,. .. ~ "' 6 " • ~ (2a) 
N02 HN02 $ " " • • & " (12b) 
02 ~ H02 " • • " • " • • ( 13) 
HCO + o2 ~ H02 + co $ • .. • " • • • • (15a) 
Hco3 " • .. .. .. 0 • • • • • (15b) 
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2Hco3 -~ 2HC02 + 02 • • e 0 • • • • (16) 
HC02+ CH2o ~ HCOOH + HCO .. .. ... • • • .. ( 17) 
OH + N02 + M -~ HON02 t M. • . • • • • • ('18) 
N205 + H2o ~ 2HON02 • • • • & • • • • • (19) 
NO + 03 ~ N02 + 02 • • • • • • • • • (20) 
N02 + 03 ---) N0 3 + 02 & • • • • • • • • (21) . 
N02 + N0 3 ~ N205 • 0 • • • ~ ~ • • • • " (22) 
N02 + h '\) ---7 NO + 0 • • • . • • • • • • (23) 
0 + o2 +M ---) 03 + M. • • • . . • • • . (24) 
Reactions 15 and 18 were implied by Wiebe but not 
specifically included in his mechanism and reactions 
20 to 25 and/or reactions 13 and 1L~ could be used to 
explain the oxidation of nitric oxide in both experiments~ 
Gay computer modelled this system extending the above 
mechanism to 55 reactions and 26 species and achieved a 
good fit to the experimental data. 
Photolysis of ethyl nitrite under similar conditions 
gave essentially the same products as methyl nitrite 
except that peroxyacetyl nitrate (P.A.N.) was a major 
product. The mechanism for P.A.N. production is: 
CH3crr2oNO +h -0 
CH3cH20 + NO 
CH7.CHO + OH 
_) 
CH3co + 02 + M 
__,. 
-7 
~ 
~ 
CH3cH20 + NO 
CH3CHO + HNO 
crr3co + H2o 
CH3-co3 + M 
CH7,-C-O') + N02+M ~ CH3-c.~O-O~N02 + M :; II c. 1 I 
0 0 
J?.A.N. 
The observation of P.A.N. in this system supported 
the mechanism postulated for its production in smog. 
( 2) 
The study of the pyrolysis of alkyl nitrites is 
similar to that of the photolysis in that the initial 
bond rupture is the same and the secondary reactions 
following this bond rupture are likely to be the same. 
The difference is in the temperature which the 
experiment is performed. 
As with the photolys there have been many 
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studies of the pyrolysis of nitrites but the early 
studies <125-1 3°) produced little detailed information~ 
The first detailed quantitative study of the 
pyrolysis of nitrites was carried out on ethyl nitrite 
by Levy. ( 131) He used a mass spectrometer and an 
infrared spectrometer to detect products of the 
pyrolys at concentration levels which were 
impossible for earlier workers. He pyrolysed between 
10 and 50 Torr of nitrite at temperatures of lJ-3L~ to 47l+K 
and detected nitrous oxide, acetaldehyde, ethanol and 
nitric oxide but neither methane nor rmaldehyde. The 
addition of large amounts of nitric oxide increased the 
yields of acetaldehyde and nitrous oxide while <:'ldclition 
of acetaldehyde suppressed the production of n:lt;rous 
oxide. He postulated the mechanism: 
c2H50NO ----? c2H5o + NO " • q " • • • • 
c2H5o + NO CH3CHO + HNO • • ~ .. • • • 
2HNO H20 + N20 .. • " 4 .. • <> & 
c2H5o + HNO C2H50H + NO q $ • ~ • " • 
('l ) 
(2) 
(3) 
('+) 
with the following additional react;ions 1)ecomi:ng important 
in the presence of added acetaldehyde 
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C2H50H + CH3co o ••••• (5) 
CHACO 
::.> 
If reaction '+ 
~ CH3 + CO • ~ • 4> ...... (6) 
slow compared to reaction 2 then any 
removal of ethoxy radicals by other nitric oxide will 
lower the nitrous oxide yield as is found when 
acetaldehyde is added~ 
Adler et " ( 132 ) examined the produots of alkyl 
nitrite pyrolyses by trapping out the products and 
found car1)onyl compounds consistent with the above 
mechanism but they also detected lower carboxyl 
compounds. These are cons tent; with the unimolecular 
decomposition of the alkoxyl radical. The observations 
of Rice and Rodowskas ( 1 30) suggested the deoomposition 
and Adler et al. found products consistent with the 
decomposition. 
Adler et al .. also found tha·t the bond fission took place 
at the carbon to which the oxygen is attached and that 
an alkyl radical formed in preference to an hydrogen 
atom ... 
The most extensive study of methyl nitrite 
pyrolysis was undert by Ph 1 ( 133) who pyrolysed 
samples between 147 and 21J.4 °C and using an IR spectrometer 
detected formaldehyde, methanol, nitrous and nitric 
oxides, carbon monoxide, nitrogen, hydrogen cyanide, 
water and CH2NOH. lie varied surface to volume ratios 
in his reaction vessels and obtained the same yields 
and on this bas he discounted heterogeneous reactions 
in all but very dirty systems. '}1he mechanism he 
postulated was similar to that of Levy. 
CH30NO ~ CH3o + NO. ~ • .. • • • • 
CH3o + NO -> CH20 + HNO $ " • 0 . ~ .. 
2HNO ~ N20 + H2o ~ • • 0 0 • " 
2CH3o -? CH20 + CH3on " • .. • • , . 
CH3o + CH2o ~ CH30H + HCO • .. • • • • 
HCO + NO -? HNO + co • • • • • • • • 
CH3o + CH30NO ~ CH30H + CH2o + NO • • 0 
Addition of cyclohexene as a hydrogen donor increased 
methanol and nitric oxide yield but reduced nitrous 
oxide consistent with reaction 2' being replaced by 
c:n3o + H - c6H9 ~ CH3on + C6H9 
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( 1') 
(2') 
(3') 
(7) 
(8) 
(9) 
( "10) 
Addition of formaldehyde slightly decreased nitrous oxide 
yield, but markedly increased methanol and carbon 
monoxide yield. On the other hand addition of 
acetaldehyde completely prevented nitrous oxide 
production but yields of methanol, nitric oxide and 
hydrogen cyanide increased. The attack of methoxy on 
formaldehyde will increase methanol and carbon 
monoxide yields via reactions 8 and 9 and still prodtlce 
nitroxyl so keeping the nitrous oxide yield the same. 
Attack on acetaldehyde does not produce nitroxyl and 
the source of nitrous oxide is lost. 
CH3o + CH3CHO ~ CH3co + CH30H • • ~ • ~ (11) 
CH3co ~ CH3 + co • .. • • • . . . ( 12) 
CH3 + NO+ M -? CH3No ---7 CH2NOH +M. ( 13) 
CH2NOH --? HCN + H20 • • • • • . • (14-) 
'l'o check that reaction 10 was important he produced 
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ethoxy rad als from diethyl peroxide under conditions 
where no methyl nitrite decomposition occurs. He found 
both ethanol and ethyl nitrite as reaction produc·ts. 
These were formed by the reactions 
c2H5o + CH30NO 
c2H5o + NO ~ M 
~ C2H50H + CH20 + NO .... (10') 
c2H50NO + M 
showing reaction 10 to.be important .. 
A recent study of the pyrolysis of a series of 
nitrites, from methyl nitrite to tertiary butyl nitrite, 
suggests that the initial bond rupture to produce 
alkoxy radical and nitric oxide may not be the only 
course for pyrolys o Batt et al. ( 134 ) have 
pyrolysed 10-4 to 10-5M of the nitrite in 0.9 atm of 
carbon tet luoride restricting pyrolysis to 1% 
decomposition and analysing the products by gas 
chromatography~ Under these conditions the alkoxy 
radicals are lost by unimolecular decomposition to give 
a carbonyl compound and an alkyl radical. By following 
the appearance of the carbonyl compound the rate of 
decomposition was determined. Since methoxy radicals 
contain only one carbon there is no decomposition path 
open,so a large excess of isobutane was used as a 
hydrogen donor and the rate of appearance of methanol 
followed. In. all cases addition of large amounts of 
nitric oxide suppressed the carbonyl or methanol 
production, by making the reaction with nitric oxide 
more favourable than the unimolecular decomposition~ 
RO + NO 
RO + NO 
RONO 
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The carbonyls produced in this reaction can be easily 
distinguished from those of the unimolecular decomposition 
since they contain the same number of carbons as the 
initial nitrite.. However in ,cases where the nitric 
oxide concentration was too low for the last reaction 
to proceed there was still a small amollilt of the heavier 
carbonyl compound formed e.g& methyl nitrite produced 
formaldehyde and, ethyl nitrite acetaldehyde as well as 
formaldehydee These products are consistent with the 
single step elimination of nitroxyl (HNO). 
RONO RO_H + HNO 
Pyrolysis of tertiary butyl nitrite produces a little 
obutene apparently from the elimination of nitrous acid 
(CH3)2 - C=CH2 + HONO 
The reactions which give nitroxyl show an increasing 
carbopyl yield with surface to volume ratio and for 
methyl and opropyl nitrites the low Arrhenius factors 
also indicate heterogenous reactions. However for 
ethyl nitrite the Arrhenius parameter suggest a 
homogeneous reaction and the reason for this difference 
is not yet clear. 
Mendenhall et al. ( 1 35) have used the technique 
of very low pressure pyrolysis (VLPP) to attempt to 
detect directly the products of the pyrolysis of methyl 
nitrite. Nitrite pressures of between 0.1 and 1.0 mTorr 
were pyrolysed at 650K in a chamber which was coupled 
to a mass ctrometer. They detected nitroxyl, nitric 
oxide ::md methanol using deuterated methyl nitrite to 
confirm the assignments. They were however unable to 
detect methoxy radicals and the kinetic analysis 
showed anomalies so they concluded that the reactions 
occurring were largely heterogeneous" 
(3) fu!~g;t:~!_!o!!s of Alk~i:r:t~-~§. 
The only results of gas phase reactions of alkyl 
nitrites to be published prior to the completion of this 
work were the reactions with hydroxyl radicals ('136 ) 
and oxygen atoms. (9) In addition there was an 
unpublished study of the hydrogen atom reaction with 
(137) methyl nitrite. 
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The reaction of methyl nitrite with hydroxyl 
radicals was studied by aclding the nitrite to an 
H2o2/N02/CO reaction mixture which reacts by the mechanism 
OH + HN03 • " . .. . • • • # ( 1) 
OH + CO ---) H + C02 ........... (2) 
H + N02 ~ OH + NO " ,. • • • • .. q ( 3) 
OH + CH30NO -~ products .......... (4) 
OR + NO 2 + M -? HNO 3 i- M • • • .. ~ • • • q ( 5) 
It has bc~en shown .that a plot of [H2o2] 0 / [Co2] 
against [cn3oNO] I [ co]is linear with slope k4/k2 and 
since k 2 is known kL~ can be determined by measuring the 
yield of carbon dioxide using a gas chromatograph~ The 
rate const k4 was founcl to ·be 1 ~ 3 x 1 o-12cm3molec : 1 s -"1 
at 298K.. No attempt was made to detect the products of 
reaction ( 4) o 
'I1he reaction of methyl and ethyl nitrites with 
oxygen atoms has been st-udied in a discharge flow system 
with emission .from the oxygen atom - nitric oxide 
reaction being used to measure the atom concentration. 
Examination the stoichiometry led to the mechan:lsm 
and 
0 + CH:;;ONO 
:J 
0 + OH 
OH + CH20 + NO 
H + 02 
The reaction of oxygen atoms with formaldehyde is fast 
and under the conditions used goes to completion. 
OH + 0 
H + HCO 
~~ OH + CHO 
~~ OH + CO 
H + C02 
02 + H 
~ H2 + CO 
Using this mechanism the rate constant 
the primary reaction vvas found to be 
ression for 
k -'11 1 = 2.3 x 10 exp (-21.8 kJ&mol-
RT 
The analogous mechanism applies for the ethyl nitrite 
reaction and 
RT 
3 -··1 -1 The units of k are em molec .. s 
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(9) 
Moortgat et al. ('137) have studied the reaction 
of methyl nit te with hydrogen atoms in a discharge 
flow system coupled to a photoionisation mass spectrometer~ 
They used total pressures of 1.5-4 Torr, atom 
cone rations of 30-1 nitrite cone rations 
of 3~~21 mTorr and obtained the rate constant of the primary 
L" ' 3 1 -1 -1 reac~1on 1n em mo ec. s as 
k = (4.3 ! 0.9) x 10-13 exp (- • ! 0.21 kJ mol-
~-~.~-----~~-·----------~ 
RT 
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They identified NO, CH30H, CH4 , c2H6 , CH20 and H20 as 
the major products and detected methyl and hydroxyl 
radicals as intermediates. They identified the primary 
step as : 
CH30H + NO • • " .. .. . .. (1) 
CH20NO + H2 .. • • • • • (2) 
CH3o + HNO .. • • ~ .. .. • (3) 
where pathway 1 represented 47.:!:5% of the tot pathway .. 
They identified and/or postulated the following 
secondary reactions 
CH20NO ---7 CH20 + NO " • ~ • • • " ( l~) 
H + cn3o ~ CH20 + H 2 • • • • • " • (5a) 
CH3 + OH • ~ • • .. • • • (5b) 
H + CH20 -~~ H2 + CHO .. " • • • • • • (6) 
OH + CH20 ~ H2o + HCO .. • ~ ~ .. • " (7) 
H + CHO H2 + co • " • • .. • • ,. (8) 
H + HNO -~ H2 + NO $ • • • • • & • (9) 
where 5a represent between 0 and 61% of the total path. 
They confirmed the production of methanol by reaot 
methyl nitrite deuterium atoms and formaldehyde by 
using d3 methyl nitrite. 
teflon 'spider' 
~~M 
water out 
H 
F 
=--===--=-::-water in 
A 
Figure III.1 Schematic Diagram of Discharge Flow System 
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CHAPTER III 
EXPERIMENTAL 
1 " APPARATUS 
(1) 
Measurements on the reaction of the alkyl nitrites 
with hydrogen atoms were carried out in a conventional 
discharge flow system coupled to a mass spectrometer as 
shown in Figure III~1. A mixture of argon and hydrogen 
was admitted to the flow system at A and passed through 
a section of 12mm O.D. quartz tubing (B). Hydrogen atoms 
could be produced in this region by applying microwave 
power from a Microtron 200 generator unit, operated in 
the range 25-100 watts, via a type 21 air-cooled 
cavity (C). The light trap (D) and the two right-angle 
bends between the quartz section and the main flow tube 
were incorporated to prevent the Lyman <><- radiation 
produced within the discharge entering the flow tube 
and photolysing the nitrite. The gases then passed down 
the flow tube (F),a section of 20mm QD.pyrex tubing, past 
the sampling leak to the ion source of the mass 
ectrometer (N) and out the s tem through a large-
bore greaseless stopcock (E). The flow was maintained 
by a Heraeus R150 Roots pump capable 1500 l.min-1 
over the range Oo6 to 0~01 Torr backed by a Welch model 
1397 2 stage rotary pump with a pumping speed of 
400 l.min-1 above 0,.1 Torr. Typical flow velocities 
and total pressures were 2m.s-'1 at 0.2 to 0.4 Torr with 
-1 only the rotary pump operating and 14 m .. s at 0.10 to 
0.15 Torr with the roots pump also operating. 
Nitrogen d iox:i.de used in determining the atom 
concentration was admitted through the inlet G some 
35cm from the mass spectrometer sampling leak. The 
nitrite was admitted via a langth of flexible P.V.C. 
tubing (K) and a length of axially placed 3mm O.D. tubing 
terminating in a glass sphere (H) with 5 small jets on 
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its ci:r:cumference. This jet assembly was attached to a 
soft iron slug (I) within. the tube and the time available 
for reaction before the nitrite reached the sampling 
inlet to the mass spectrometer was varied by using a 
pair of external magnets (J) to move this slug and hence 
the nitrite inlet jet (H). The inlet jet (H) was 
maintained in the centre of the flow tube by the guide 
sleeve (I,) and a small three legged teflon "spider" (M) .. 
For reaction temperatures other than room 
temperature most of the flow tube section was encased 
in a water jacket through which water from a 
thermostatically controlled water bath was pumped. 
Calculations (see Append III) showed that in this work 
the temperature difference between gas and heated wall 
became negligible within Smm of entering the heated 
section so this arrangement was sufficient to heat the 
gas. It was impossible to construct the heating jacket 
to enclose all of the flow tube and the 3cm closest to 
the sampling jet could not be directly heated. It will 
be shown that any variation in temperature within this 
region bas no effect on the calculated rate constant 
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(section I .4(4) and Appendix IV). The water jacket 
was surrounded by an evacuable jacket to minimise 
heat exchange with the surround:tngs and a set of glass 
bellovvs (P) were incorporated to prevent strain when the 
jacket was evacuated. 
The pressure in flow tube was measured using 
a Consolidated Electrodynamic Corporation "micromanometer" 
Type LVI which was connected to the tube at H. rrl:ds 
differential pressure device was supplied with a reference 
vacuum of better than 10-5 Torr by a 2 stage mercury 
diffusion pump backed by either an Edwards Speedivac 
ES150 or an Hitachi 4VP~~C3 2 stage '100 l.min-1 rotary 
pump and was capable of measuring pressures from 
0 to 0.5 Torr with an accuracy of 1 x 10-4 Torr. 
The argon flow was measured by a calibrated 
capillary ow meter and the flows of all E3S were 
controlled by Ed•,vards f)pe brae LB1B needle valves .. 
For the majority of experiments the wal of the 
flow tube were coated with orthophosphoric acid to 
minimise wall recom1)inatio:n of atoms, (72) although with 
new, acid-cleaned flow tubes there v•,;as also found tio 
be no appreciable wall recombination. The phosphoric 
acid coating was deposit by filling the flow tube with 
a '10% solution of orthophosphoric acid, draining the 
solution out and pumping the water off the coated walls. 
To prevent the acid entering the ion source of tho mass 
spect;rometer through the leak, the mass ectrometer was 
slightly pressurised throughout the entire procedure. 
A small portion of the central part of the eas 
stream was continuously sampled into the ion source of 
the mass spectrometer via the sampling leak (N). 
Sampling leaks were prepared in the manner described 
by Dunn. (68) The instrument used in most of this work 
was an EAI QUAD 1210 Residual Gas Analyser.. The mass 
spectrometer was used as supplied by the ma~ufacturers 
except that when the tungsten filaments burnt out they 
were replaced by thoriated iridium. (1 38 ) These 
filrunents were prepared by coating 0.005 in. diameter 
iridium wire with finely powdered theria deposited 
using a cataphoretic process in an alcohol bath~ (139) 
Also, the electrometer supplied was replaced by a Cary 
401 Vibrating Reed Electrometer the output of which was 
displayed on a Yokogawa model 3046 chart recorder. This 
device measures the voltage drop when the ion current is 
passed through an input resistor of either '1010, 101/1 or 
'10 12_a. It is possible to detect currents as low as 
10-16 amps in this way but in this work currents 
-1.l+ 
measured were greater than 3 x 10 amps. 
The mass spectromet:;er was evacuated by two Edwards 
Speedivac Model 2M3B mercury diffusion pumps operated 
with liquid air cooled traps and backed by a Welch 
model 1402B single-stage rotary pumpo The pressure 
inside the mass spectrometer with the flow tube pumped 
out was 5 x 10-7 Torr and this was raised to 8 x 10-6 
and 1 x 1 o·-5 Torr for typical fast and slow flovr react ion 
conditions respectively. These pressurasare as 
measured on an uncorrected Veeco RG75 ionisation gauge 
head with an RG-2A controller. 
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Figure III.2 Schematic Diagram of Static Reaction Vessel 
(2) Stat Reaction 
The reactions of the alkyJ. nitrites with ozone 
were carried out in a 7.5cm long 15rr~ I.D. 
black-painted cell with sodium chloride windows which 
was clamped in the sample beam of a Perkin Elmer Model 
4·21 dual beam spectrophotometer set to operate in the 
-1 -1 
range 600 em to 2000 em • The cell, shown in Figure 
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III.2 consisted of two sections, the sampling cell (E) 
i.n the spectrophotometer bea.m and the side arm (C). The 
two regions were separated by a stopcock which enabled 
the reagents to be admitted to the cell without prior 
contacto Pressures in the cell of between 0 and 300 
Torr were measured by a '11exas Instruments model 144 
quartz spiral gauge and higher pressures by an Edwards 
Speedivac Model CG3 diaphram gauge, both attached to the 
cell via A. Relative volumes of different sections of 
the cell were calibrated using standard gas expansion, 
pressure-·volurre techniques" 
A second cell was used for the higher temperature 
runs which was identical to that described above but 
had a water jacket around the cell and side arm 
with only the taps and a minimal amount of lagged 
tubing outside of the jacket. Water from a 
thermostatically controlled water bath was pumped through 
this jacket to heat the gases in the cell. 
The cell could be pumped out to better than "10·-5 
Torr by a two stage oil diffusion pump backed by an 
Hitachi model 4VP-C3 two stage 100l.rnin-1 rotary pump. 
2. MATERIALS 
Methyl and ethyl nitrites were prepared by the 
dropwise addition of 33% sulphuric acid to a 
saturated solution of sodium nitrite in 50-50 mixtures 
of either methanol-water or ethanol-water respectively. 
The nitrite vapour was swept by a stream of nitrogen 
through a concentrated sodium hydroxide solution 
followed by columns of calcium chloride and soda 
asbestos and finally collected in a trap at 195K. 
When sufficient nitrite had been collected the taps 
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to the preparation system were shut, the trap surrounded 
by liquid air· and the remaining nitrogen pumped off. ':Phe 
nitrite was distilled into a blackened bulb with only the 
central third of the distillate being retained. The 
nitrite was stored in this bulb or in a trap at liquid 
air temperatures until required. 
Liquid methyl nitrate was prepared and purified 
as described in Organic Synthesis by nitrating methanol 
W~th a m1.'xtu1'e of 't · d 1 h · 'd ( 100)  n1. r~c an su p ur~c ac1. • 
Before being used in the vacuum system it was repeatedly 
frozen, pumped and thawed to ensure it was completely 
degassed. 
Nitrogen dioxide was prepared and purified as 
described by Nightingale et; al. <141 ) by reacting 
Matheson 98~5% pure nitric oxide with an excess of 
industrial grade oxygen, trapping the product at liquid 
air temperature and pumping off the excess oxygen .. 
Methane was prepared by fractionating a sample 
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of natural gas with methane content > 90% to give a 
sample whose purity was estimated to be> 98% by mass 
spectrometric analysis. 
Argon, welding grade 99.99%, was passed through 
a trap packed with 5A molecular sieve held at 195K 
before entering the flow tube a.nd industrial grade 
hydrogen'was similarly treated except that the trap 
was held at 77K. 
Deuterium gas was made by reacting metallic 
sodium with Aldrich gold label 99.8 atom percent 
deuterium oxide as described by Melville and 
Gowenlock .. ( 142) 
Hydrogen atoms were generated by passing a 
15~20% mixture of hydrogen in argon through the 
microwave discharge. 
Ozone was produced from industrial grade oxygen 
using a Welsbach ozonator which produced 3% ozone in the 
oxygen stream. The ozone was trapped on to silica gel 
at 195K, the trap closed off and the residual oxygen 
pumped avray ~ The ozone was then stored on the silica 
gel at 77K until required when the temperature was 
raised until the desired amount of ozone had been 
liberated. Extreme care was taken to ensure that no 
ozone condensed directly onto the glass of the trap as 
this ozone explodes on warming, three such explos j_ons 
occurred in this worh:. At one st an argon-ozone 
mixture was stored. in a bulb which exploded when the 
bulb was opened to the handling line. Notes on the 
purification and safe handling of ozone are presented in 
Appendix II. It was found that even at 77K some 
decomposition of ozone occU:rred and it was necessary 
to use the infrared spectrophotometer to check the 
purity of the ozone libe ed. 
All stopcocks in the ozone preparation and 
handling system, the static reaction system and the 
discharge flow system,were Young Action greaseless 
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stopcocks with teflon o-ring seals~ These tended 
to become hard and brittle in the presence of nitrite, 
nitrogen dioxide and ozone and many had to be replaced. 
The grease stopcocks in the gas preparation lines and 
ground glass joints were lubricated with Apiezon N and M 
greases respectively and for joints where ozone was 
present Kel-F no 90 fluorocarbon grease was used,. 
3. CALIBRATION AND MEASUREMENT PROCEDURES - Sr.I.'ATIC SYSTEM 
In a typical kinetic run the complete cell system 
was pumped out and the nitrite distilled from a 
reservoir at 7?K into the cell and the side arm. The 
pressure was monitored by the Texas Gauge and the purity 
checked by monitoring a nitrite absorption with the 
spectrophotometer. _Once the desired pressure, usually 
3 Torr, had been admitt ,the stopcock to tho s c arm 
was shut and the rest of the nitrite pumped from the 
cell. Argon was then admitted to the ce from a 
101 bulb at a pressure between 300 and 600 Torr .. Bapid 
opening and closing the stopcock to the side a:rm 
allowed the argon to be admitted to the side arm with 
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negligible loss of nitrite. Once this was completed the 
excess argon was pumped from the sample cell. 
Ozone from a reservoir absorbed on to silica gel 
at 77K was distilled into the sample cell, its pressure 
and purity being monitored in a similar manner to the 
nitrite. 'rhe check on ozone purity was more important 
than for the nitrite since ozone readily decomposed 
to oxygen and an accurate ozone pressure was necessary 
for the rate constant determination. Under no conditions 
where the pressure was monitored was there any evidence 
for ozone decomposition in the cell. vVhen the required 
pressure of ozone, usually about 20 Torr, had been 
admitted the tap to the cell was closed. 
The spectrophotometer was set to the correct 
frequency, the required chart speed and either the :x5 
or x10 expanded absorbance range. The reaction commenced 
with the opening of the stopcock between the sample cell 
and the side arm. The large pressure difference betvreen 
the two sections ensured rapid reactant mixing. The 
dhart recorder indicated the decrease in nitrite 
concentration during the course of the reaction and the 
time scale was deduced by concurrent calibration of the 
chart speed. 
Attempts were made to quantitatively relate 
absorbance to concentration and although they were 
linearly related there were large day to day 
fluctuations in absolute sensitivity so that only relative 
nitrite concentrations could be obtained from the 
spectrophotometer. For this reason the reaction was 
generally studied under pseudo first order conditions 
with ozone in greater than 10 fo excess and the 
rate constant was c culated from the disappearance of 
nitrite. The reaction was studied over a narrow 
concentration range, however this was enforced by the 
detection limit of nitrite~ the necessary ozone 
excess and the need to maintain a safe concentration 
of ozone" 
'+. CALIBRATION AND MEASURElltENT PROCEDURES - DISCHARGE 
FLOW SYSTEM 
(1) ibrations 
To determine concentrations of species within 
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the flow tube from the height of mass peaks it was 
necessary to know the sensitivity of the mass spectrOI:eter 
towards each compound. For simphcity all sensitivities 
were determined in separate experiments and def i.ned 
relative to that of argon so that during a given 
kinetic run only the absolute sensitivity of argon was 
required., 'J1his together with the relative sensitivity 
values gave the absolute sensitivities of all compounds. 
Since the mass spectrometer had a. sensi.tivi ty which 
varied with resolution, calib~ations were carried out at 
the lowest resolution setting which gave clearly resolved 
peaks in order to maximise the sensitivity. 
lror the unreactive gases (argon and hydrogen) the 
sensitivities were found directly by closing off the 
flow tube f:com the pumps, admitting the gas to the flow 
tube, measuring the appropriate peak height and 
simultaneously using the micromanometer to determine 
the pressure. The- sensitivity was found to be 
pressure independent (within 2-3%) over the pressure 
range 0 - 0.5 Torr. The sensitivity of hydrogen 
was expressed relative to that of argon where the 
hydrogen and argon sensitivities were determined in 
alternate experiments. 
To prevent possible damage to the stainless 
steel diaphram of the micromanometer head the 
sensitivities of the nitrites, methane and nitrogen 
dioxide relative to that of argon were determined 
indirectly. A previously prepared mixture of known 
composition of the gas and argon was admitted to the 
flow tube and the ratio of peak heights measured. 
The mixture composition then enabled the relative 
sensitivity to be calculated. The partial pressures 
of the components of these mixtures were measured by 
a Texas Instruments Model 144 quartz spiral gauge. 
With all sensitivities expressed relative to 
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that of argon only this sensitivity needed to be 
determined daily. However the relative sensitivities 
were checked regularly particularly whenever a change 
was made to the ion source of the mass spectrometer, 
such as filament replacement or cleaning. As the ion 
source became contaminated the absolute sensitivity 
dropped but the relative sensitivities remained constant 
over many months showing the stability of the mass 
spectrometer. Since the quadrupole mass spectrometer 
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does not have constant resolution the relative sensitivities 
applied only to a particular resolution setting which 
was kept constant for subsequent measurements. 
In maki.ng up the nitrogen dioxide/argon mixture 
for relative sensitivity calibration,allowance was made 
for the presence of a large proportion of dimeric 
dinitrogen tetroxide. ( 143) However at the pressures 
in the flow tube no dimer would exist at equilibriumand 
as the breakdown of the dimer is rapid only nitrogen 
dioxide would be present in the flow tube$ (1l~4) 
For most gases the peak due to the parent ion 
was used to monitor the gas concentration, however for 
ethyl nitrite the parent peak at M75 (mass peak 75) was 
too small to be usedo Preliminary experiments showed 
that during reaction with hydrogen atoms the fragment 
ion peak M60 (GH20NO+) remained strictly proportional 
to the parent at M75 showing that there were no 
complications due to reaction products contributing to 
M60. For this resson M60 was used to monitor ethyl 
nitrite concentration during reaction. 
Typical sensitivities relative to argon with 
resolution settings in brackets were: 
N02 (7.0) 0.200 
GH30NO (9.0) 0.467 
CHlt. ( 5.0) 0.,803 
c2H50NO ma.ss 75 (9G5) Oo070 
mass 60 (9.0) 0.720 
H2 (1.0) relative to Ar (7.0) 0.84 
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Typical absolute sensitivities for argon expressed 
as amps of ion current per Torr of argon in the flow 
tube were: 
Ar (7.0) 6.40 10-9 Torr -1 X amps 
Ar (9.0) 1.10 10-9 amps Torr -1 X 
The argon flov~eter was calibrated against a 
moving bubble meter. The gas passed from the cylinder 
through a di-n-butyl phthalate bubbler to maintain the 
line pressure at 1 atmosphere. Between this and the 
needle valve a soap bubble meter was inserted. After the 
needle valve the gas passed through the capillary flow 
meter and into the flow system. The time required for 
a soap bubble to sweep out a given volume in the bubble 
meter was recorded for various values of the pressure 
difference across the capillary as measured by a 
mercury manometer. The flow rates were then graphed 
against the pressure difference. Since the flov/Dleter 
was used only in the determination of flow velocity 
it was not necessary to convert the flow rates to 
standard conditions but to record the temperature and 
pressure, after making allowance for the presence of 
water v-apour, and to incorporate these into the flow 
velocity expression. For a full description of the 
calculation of flow velocities see Appendix IV. 
(2) 
Immediately prior to the beginning of each flow 
run the argon sensitivity was determined using a range 
of pressures within the flow tube but under static 
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conditions. These measurements were continued until 
constant sensitivity (<5%) was obtained and then the 
flow was set up and the peak heights of argon and 
hydrogen were measured immediately along with the 
temperature and argon flow. The argon sensitivity 
together with the measured peak height under flow 
conditions gave the argon concentration at the sampling 
inlet and this along with the temperature and argon flow 
enabled the flow velocity at the samplin~, inlet to be 
calculated. At the end of a flow run this procedure 
was reversed i.e. argon peak height measured, the flow 
cut off and the argon sensitivity redetermined 
immediately.. The argon pressure under flow conditions 
and the flow velocity were then recalculated. Generally 
there was no long term change in flow or sensitivity 
over the three to six hours for whieh the riments 
lasted. It was found that in the short term nitrogen 
dioxide degraded and nitrite enhanced the sensitivity 
of the mass spectrometer and for this reason the argon 
peak height was regularly monitored under flow 
conditions. Since the argon flow and pressure remained 
constant,variations in argon peak ight represented 
real changes in sensitivity. All sensitivities were 
corrected for these changes before calculation of 
concentrations. 
The hydrogen atom concentration was measured 
by tit ion with nitrogen dioxide (see Section III.4(3)), 
the nitrite admitted, the experiment performed and the 
atom concentration redetermined. This procedure was 
repeated as many times as required. 
In some cases a long term sensitivity change was 
observed and the run was discarded if this variation 
was not monitored by the regular peak height checks. 
( 3) ion for Concentration 
The hydrogen atom concentration was determined 
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using the titration reaction with nitrogen dioxide. (64) 
The initial reaction is 
H + N02 
followed by 
OH + OH 
and 0 + N02 
OH + NO 
in the presence of excess nitrogen dioxide, 
or 0 + OH 
The overall reaction using either of the last two 
reactions as the major sink for oxygen atoms is 
This stoichiometry has also been confirmed by esr (60,145) 
measurements. It was calculated that all the above 
reactions are sufficiently rapid for the stoichlometry 
to reach 2:3 in the distance allowed for the titration. 
In an experimental run the atom concentration 
was obtained by admitting nitrogen dioxide to the flow 
tube via the fixed inlet and measuting the average 
decrease in nitrogen dioxide peak height upon 
activation of the microwave discharge, ensuring always 
that nitrogen dioxide was i.n excess~ The atom 
concentration was calculated using the known nitrogen 
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dioxide sensitivity and the 2:3 stoichiometry. The atom 
concentration was determined before and after a rate 
constant or stoichiometry experiment and the average 
taken, or, if values differed by urore than 10% the 
experiment was discard.ed4 
(4) 
The rate constant was determined under conditions 
where there was a measurable variation in nitrite 
consumption with reaction time. To minimise the errors 
involved in concentration measurement it was aimed to 
keep the variations in consumption between /10 and 80%. 
The conditions were also chosen so there was a large, 
generally greater than 10 fold, excess of hydrogen atoms 
for four reasons. Firstly, with this large atom excess 
nearly all the loss of nitrite would be due to the 
primary reaction with hydrogen atoms, the reactions of 
secondary products with the nitrite being insignificaut. 
Secondly, any subsequent reactions of secondary products 
with hydrogen atoms would not significantly alter the 
atom concentration, thus in a large excess of atoms the 
effects of secondary reactions on the calculated rate 
constant are small.- Th ly, since the atom concentration 
remains almost constant -the second-a r reaction becomes 
pseudo first-oruer and the sensitivity of the mass 
spectrometer towards nitrite is required only to ensure 
that the atoms are in excess. It is not however required 
in the calculation of the rate constant thus removing a 
possible source of error. Finally, provided the movable 
inlet is moved entirely within the heated section of the 
flow tube and the rate constant obtained from a log 
concentration/time plot, any variation in temperature 
in the unheated 3cm of flow tube will have no effect 
on the calculated rate constantQ This result only 
applies for first-order or pseudo first-order reactions 
and the proof of this statement can be found in 
Appendix IV. 
addition to having a large atom excess it was 
found that to avoid complications due to secondary 
reactions it was necessary to use low nitrite 
concentrations and to restrict the extent of reaction to 
below 25%. This was done by operating the flow system 
under the fastest flow conditions to keep the reaction 
times short. This low extent of reaction introduced 
errors into the nitrite concentration measurement but 
the method of analysis which involved least squares 
fitting to a log concentration/reaction time line 
ensured this was not a significant error. 
It was often necessary to use up to 20cm lengths 
of the flow tube to obtain significant reaction at low 
concentrations in which case the cous pressure 
drop down the tube became a major source of error .. 
In extreme cases this pressure drop was up to 30% of 
the tot pressure. The analysis to give the rate 
constant under these conditions is given in Appendix 
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IV and this method was used to calculate all rate constant 
values under fast flow conditions. Under slow flow 
conditions the p~essure drop is much less than this 
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and it was neglected for those rate const.ants determim!d 
under these conditions. 
After the atom concentration had been determined 
less than one tenth of this concentration of nitrite 
was added to the gas stream. The mass spectrometer 
was set on the nitrite mass peak, the discharge 
activated and the nitrite shut off to give the 
background level. The nitrite was then added through 
the movable inlet system and measurements commenced 
once the signal had become stable. The inlet jet was 
moved back and forward within the flow tube and at 
each point the distance between inlet and sampling jets 
and the peak height were measured. This was done for 
at least one and a half cycles once it was clear that 
the concentration measurements were reproducible~ The 
background and atom concentration were redetGrmined and 
net signals, namely the signal minus background, were 
used in the calculations. 
Checks were made regularly to ensure there was no 
consumption of nitrite or nitrogen dioxide in the 
absence of hydrogen atoms by performing all the above 
procedures in the absence of hydrogen. Checks were 
also made to show there was no major loss in atoms 
down the tube in the absence of nitrite by performing 
the nitrogen dioxide atom titration procedure using 
the movable inlet and checking that the nitrogen 
dioxide consumption did not vary as the inlet was moved 
down the tube. 
One major problem did appear in this work. It was 
found tha·t; at very low hydrogen atom and nitrite 
concentrations there was a significant decrease in 
nitrite concentration when the discharge was activated. 
Using the previously determined value for the rate 
constant it was calculated that under these conditions 
no observable reaction should o.ccur~ Furthermore, this 
concentration decrease was independent of reaction 
time. The probable explanation is that the nitrite 
80 
was being lost by photolysis by the Lyman o<. radiation 
produced in the discharge despite the measures taken to 
prevent this occurring. At the higher concentrations 
used when the rate constant was determined this decrease 
was about 10% of the total nitrite but since it was 
independent of reaction time the method of analysis 
meant it could safely be ignored when calculating 
the rate constant. 
(5) Stoichiom~:!Jr;y :Q~~inatioQ 
To determine the stoichiometry the same 
preliminaries were carried out as for the rate constant 
determination.. To obtain the stoichiometry one 
reactant must be completely reacted and it was chosen 
to react the atoms -to completion$ rro ensure complete 
reaction the flow velocity was lowered, the nitrite inlet 
was placed as far from the sampling jet as possible and 
a large excess of nitrite used. The consumption of 
nitrite when the discharge was activated was measured, 
additional nitrite added and the consumption again 
measured. This procedure continued until addition of 
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more nitrite had no effect on the nitrite consumption. 
The atom concentration was again measured and the average 
value used to calculate the stoichiometry. 
The pressure drop down the tube would not be a 
source of error in this determination since the two 
inlets, for nitrite and nitrogen dioxide, were in 
similar positions and thus the presr,·mre drop would be 
the same for both. The stoichiometry is the ratio of 
the consumption of the two gases and so the pressure 
drop correction will cancel. 
(6) E;£odqct_An~l;ysis 
Product searches were carried out at all possible 
conditions of flow, reaction time and concentration. The 
determination of products was difficult because many 
background peaks increased in the presence of hydrogen 
atoms. This effect was not noted in new flow tubes but 
became apparent within a short time of running the 
reaction in the tube and was ascribed to the presence 
of formaldehyde polymer on the flow tube walls. Neither 
heating the flow tube to 830K nor extended periods of 
conditioning with atoms were successful in removing 
the coating although washing with hot, concentrated 
sodium hydroxide lowered the effect somewhat. 
Furthermore the small decrease in nitrite ascribed to 
Lymano<photolysis in Section IL4 .. (LJ.) produced an 
increase in several of the peaks which ,was independent 
of reaction time. 
The criterion used for a change in mass peak height 
to indicate a reaction product was that an increase in 
reaction time produced a corresponding increase in the 
mass peak height. 
Generally no quant ative yield could be 
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assigned to a particular product because mass spectrometric 
sensitivities for intermediates were not known or the 
products could not be observed independentlyo The 
exception was methane in the methyl nitrite/hydrogen 
atom reaction. Preliminary experiments showed the above 
complications were small for M16 and the yield was obtained 
by measuring the increase in M16 when the discharge was 
activated along with the decrease in M61. 
(7) TemJ2~~re 
'rhe temperature was measured using a -'10 to 110°C 
mercury in glass thermometer which was hung beside the 
flow tube for the room temperature runs, or, used to 
measure the temperature of water entering and leaving 
the water jacket in the variable temperature system. 
The average temperature was used in the calculations. 
It was found that the temperature drop was less than 
1°0 in the water jacket at the highest temperatures and 
immeasurably small at l others. 
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CHAPTER IV 
THE PRODUCTION AND MASS SPECTRUM OF GASEOUS NITROUS ACID 
1. INTRODUCTION 
The aim of this section was to produce gaseous 
nitrous acid (HONO) and to attempt to detect it mass 
spectrometrically with a view to studying some of its 
gas phase r~actions. 
In the gas phase,nitrous acid is known to exist 
in equilibrium with nitrogen dioxide, nitric oxide and 
water with an equilibrium constant of 1.67 x 10-3 Torr-1 • ( 146) 
2HONO 
" $ " ( 1) 
Attempts to study nitrous acid reactions using 
conventional kine·tic techniques would be impossible 
since the low reagent concentrations required, generally 
below 1 Torr, would favour the dissociation to water and 
nitrogen oxides leaving very low nitrous acid 
concentrations~ However some studies have found nitrous 
acid present at above equilibrium concentrations ( 1 L~7-1 5°) 
suggesting that there may be a de~ree of kinetic control 
to the above equilibrium resulting in stable nitrous acid. 
An extensive study of nitrous acid photolysis 
has been carried out by Cox (149, 15°) who produced 
above equilibrium concentrations of gaseous nitrous aci.cl 
by removing the vapour over aqueous nitrous acid solutions .. 
He found that when the mixture of 10ppm (parts per million) 
nitrous acid in an atmosphere of air was stored in a 
teflon bag there was little change in composition over 
a period of hours. From this he concluded that the 
reverse of reaction 1, the decomposition of nitrous 
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acid, is most probably heterogeneou& and occurs by 
multilayer absorption of water on a surface. The initial 
reaction being 
2HONO + n H~:P 
c. 
" • a " (2) 
The difficulty in producing nitrous acid led 
inevitably to problems in determining its mass spectrum,. 
It is not listed in tables of mass spectra ( 15'l) and it 
has been suggested that it has neither a parent (M47) or 
a parent minus one (M46) peak. (152) One piece of 
evidence supporting a detectable nitrous acid parent 
peak comes from Spokes and Benson. ('153) They made a 
mixture of NO, N02 and H2o which they calculated to 
contain about 1% nitrous acid and found the mixture 
contained peaks at M30, M46 and M47 indicating a 
parent peak exists for nitrous acid .. 
It was planned to make above equilibrium 
concentrations of nitrous acid at low pressures, belaw 
10 mTorr, and by taking the mass spectrum soon after 
production it was hoped that the acid would be 
sufficiently stat)le for it to be detected.. Once the 
acid could be produced and detected its reactions could 
be studied$ 
2. PRODUCTION O:B' NITROUS ACID BY THE .NI'fROGEN OXIDE ·-
WATER EQUILIBRIUM 
As one possibility it was planned to use the 
equilibrium reaction 
2HONO. • • . . . . .. . 
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• ('1) 
to produce the nitrous acid. A mixture of initial 
concentrations 9 Torr N02 , 11 Torr H20 and 300 Torr NO 
would con·tain upon equ ibration about 5 Torr of nitrous 
acid. If this mixture was suddenly expanded to a total 
pressure of 0.1 Torr, and if the nitrous acid was stable 
with respect to the reverse of reaction 1, then the 
nitrous acid concentration immediately after expansion 
would be about 1.6 x '10-3 Torr compared with the new 
equilibrium value of 4 x 10-5 Torr. 
A mixture of this composition was made up and 
left in a 51 bulb for 24- hours to equilibrate. Samples 
of this mixture were then admitted to the flow system 
(described in Section I.1.(1)) under static conditions 
to total pressures of around 031 Torrs The mass spectrum 
in each case was taken as soon as practicable, which was 
generally about one minute after expansi.on. Under these 
conditions there was no apparent peak at M47 (mass peak 
'+7) corresponding to the parent peak of nitrous acid .. 
If the nitrous acid concentration was 1.6 x 10·-3 rrorr 
and nitrous acid possessed a parent peak of similar 
size to the other nitrogen oxides, such as nitric oxide 
and nitrogen dioxide, then the acid should have been 
detectable. However the equil ibri.um value of 
'+ x 10-5 Torr represents the limit o.f detection of 
the mass spectrometer towards species in the flow tube, 
thus nitrous acid at equilibrium concentration would 
be unlikely to be detected. 
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The reasons for the failure to detect nitrous 
acid could have been threefold. Firstly, the 
homogeneous rate of decomposition could have been 
sufficiently fast to lower the nitrous acid concentration 
below detectqble limits before the mass spectrum was 
taken. Secondly, heterogeneous processes could have 
been responsible for the fast decomposition, or, thirdly, 
the nitrous acid could have been present but the absence 
of a strong parent peak at M4-7 may have prevented its 
detection. 
3$ PRODUCTION OF NITROUS ACID BY THE REACTION OF 
HYDROXYL RADICALS WITH NITRIC OXIDE 
Nitrous acid can be formed in the gas phase by 
the termolecular reaction of hydroxyl radicals vvith 
nitric oxide. 
OH + NO + M HONO + M .. • • • • ~ • • ( 3) 
The rate constant for this reaction lies between 3 and 
6 x 10-31 cm6molec7 2s-1 .. ( 15Ll·, 155) In any system 
containing hydroAryl radicals one of the most important 
reactions is the radical combination 
OH + OH ~ H2o + 0. " • • • • • • • ( '+) 
1 0 <= /1 2 3 ·~· •j ~ •1 ('1 56 ) which has a rate constant of 2o3 x em molec. s • 
It may be calculated that for the rate of reaction 3 to 
exceed the rate of reaction 4 that: 
Il!.QlliL) 
[ OH] 
"'I 00 Torr 
The discharge flow system described in Section III.1.(1) 
was capable of producing hydroxyl radical concentrations 
of 5 x 10-3 Torr in which case the above expression 
reduces to 
(NO)(M) 2 > 0.5 Torr 
Concentrations of, for example, 0.5 Torr and 1.0 Torr 
for NO and M respectively would be required to achieve 
this condition, although higher total pressures and a 
greater fraction of nitric oxide in the total pressure 
would favour reaction 3 over reaction 4. 
By partially closing the tap between the flow 
tube and the vacuum pump the flow velocity could be 
lowered with a simultaneous increase in flow tube 
pressure.. By admitting high concentrations of nitric 
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oxide under these conditions it was calculated that the 
above criterion could readily be exceeded in the 
discharge flow system available. 
The major chemical problem was still the 
dec-omposition of the nitrous acid to nitrogen oxides 
and water. Since the homogeneous rate of this reaction 
appears to be slow there would be little decomposition 
in the 100-200 mill econds between production of the 
nitrous acid and sampling by the mass spectrometer. 
In an attempt to reduce the rate of heterogeneous 
decompos ion the walls of the flow tube were coated 
with orthophosphoric acid. This coating has been 
shown to inhibit heterogenous reactions of atomic 
and radical species ( 47) it was hoped it would 
do the same for nitrous acid. This may not have been 
the case if all the water was not pumped from the 
orthophosphoric aci.d, in which case the damp coatimg 
could have aided the decomposition by providing a water 
layer on the walls. 
The experiments were carried out in flow tubes 
attached to three different mass spectrometers. The 
first was the magnetic deflection instrument described 
by Dunn, ( 6B) the second was an E.A.I. QUAD. 150A 
residual analyser used as supplied but because of 
the age of the particle multiplier it had a sensitivity 
about the same as the first. The third was the E.A.I. 
QUAD. 1210 residual gas analyser described in Section 
III;l. ( /1) which had a se:.ns ivity over an order of 
magnitude higher than the other two. 
( 1 ) E:£.29: uc ~i£!! __ of _l!;y_q~:Ll Racl1.~1-~ .. J~L.i,h e 
Reactiop of Hy1.l:.2g_en Atoms with Nitr~~ioxid(:} 
In the init experiments, with the first two 
mass spectrometers, concentrations of hydrogen atoms 
of about 5 mTorr were generated as describ in Section 
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III.2 •• Nitrogen dioxide was added through the titration 
inlet to generate hydroxyl radicals by the react . 
" 
OH + NO 
A 1 concentration of nitric oxide was then added 
less than 1cm downstream via the movable inlet~ 
When a slight excess of hydrogen oms was used 
to ensure complete consumption of the nitro dioxide 
it was found that, at h nitric oxide flows, 
(64) 
increasing the flow of ric oxide increased the height 
of the peak at M4·6 but no peak at M4'7 was observed .. 
The flow tube pressure when this increase occurred was 
estimated to be between 1 and 2 Torr wi.th probably 
greater than 60% of the total gas flow being nitric 
89 
oxide. Attempts tb use the mass spectrometer to accurately 
measure these concentrations gave absurdly low values 
and it was concluded that the sensitivity of the mass 
spectrometer had been severely degraded. This meant 
that the absolute and relative sensitivities, which were 
determined at pressures below 0,5 Torr, were no longer 
valid. A possible explanation for this was that the ion 
source was being run at a pressure at which ion molecule 
reactions became important and could have resulted in tbe 
lowered sensitivity. Also low concentrations of nitrogen 
dioxide were found to slightly degrade the sensitivity 
of the mass spectrometer, (Section III~.(2)) and it 
appears possible that nitric oxide may do the same. 
If this is the case then the very high nitric oxide 
concentrations in this study would greatly affect the 
sensitivity. To check that the hydroxyl radicals were 
not being lost by reaction 4 before contacti.ng with 
the nitric oxide, the nitrogen dioxide was admitted 
through the moveable inlet and the nitric oxide 
admitted slightly upstream through the titration inlet 
so that the hydrox;y·l radicals were produced in the 
presence of a large excess of nitric oxide. The same 
results were obtained in this case as in that above 
indicating that nitrous acid if present does not 
possess a detectable parent peak • 
.. 
The increase in the M46 peak could have been due 
to a fragment ion from the nitrous acid (NO~). However 
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the large increase in the flow of nitric oxide would have 
increased the flow tube pressure. This could have 
lowered the efficiency of the discharge thereby decreasing 
the hydtogen atom concentration, so that not all the 
nitrogen dioxide was consumed. This unreacted nitrogen 
dioxide could then have caused the increase in W~6~ 
Increasing the microwave power to increase the atom 
concentration under these conditions decreased the peak 
at M46.. This is consistent with reaction of the additional 
atoms with nitrogen dioxide or perhaps nitrous acid. 
It proved impossible to distinguish between nitrogen 
dioxide and nitrous acid contributions to M46 in this 
study. 
This work was later repeated using the ::tuad 1210 
and gave essentially the same results, but because of the 
greater sensitivity of this mass spectrometer a small 
peak at M47 was noted. This peak increased relative 
to M46 upon activation of the discharge and also on 
increasing the nitric oxide flow, although both M46 and 
M47 signals increased on quenching the discharge. In 
the presence of large concentrations of nitric oxide 
the ratio of peak height M47 to M46 varied from 0~02 
with the discharge off, to a maximum of 0 .. 06 with the 
discharge on. 1rhese results implied the presence of a 
small JWI-7 parent peak for nitrous acid" However the 
variation in Ml~7 to M'+6 peak height ratio with nitric 
oxide flow indicated nitrous acid production was not 
the only process occurring. 
(2) Production_gf tll~~~!11_Rad~cals bz th~ 
Reaction of_):f;ydroge~~~ith Ozone 
The reaction of hydrogen atoms with ozone was 
also used as a source of hydroxyl radicals. ( 6l~) 
The experiment was performed us the lower sensitivity 
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mass spectrometers in t same manner as in Section IV.2.(1) 
with the same resultso At high nitric oxide flows an 
increase in nitric oxide flow increased the M46 peak 
with no M47 peak apparent. However the e~~lanation of 
the increase in M46 was still ambiguous. If the hydrogen 
atom concentration was to drop as suggested in the 
previous section there would then be some unreacted 
ozone, which would rapidly oxidise the nitric oxide to 
nitrogen dioxide and increase the peak at Ml+6 
NO + o3 
(3) 
To remove the possibility of a nitrogen dioxide 
contribution to MLl-6 an alternative source of hydrox-yl 
rad als was required. Discharged water vapour contains 
hydroxyl icals ( 1 57) although this method of 
production been shown to be unsat ory for 
kinetic purposes. ( 158' 159) In addition to hydroxyl 
radic , hydrogen and oxygen atoms, and hydroperoxy 
radicals are produced~ Furthermore, it been shown 
that the hydroxyl radicals are produced at low 
concentrations, less than 1% dissociation of water, and 
that the radicals are not all produced in the discharge 
region.. It appears as if the hydroxyl radicals may be 
produced by secondary reactions down the tube so that 
an almost constant- concentration is maintained down 
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the flow tube~ (158) This contrasts with the production 
by hydrogen atom reactions with nitrogen dioxide or 
ozoneo 1hese reactions generate much higher initial 
hydroxyl radical concentrations but the radical reaction 
(4) causes a rapid subsequent decrease. Since this was 
only a preliminary qualitative study the disadvantages 
of using discharged water vapour as the hydroxyl 
radical source were outweighed by the lack of an M46 peak. 
The argon carrier gas was saturated with water 
vapour at 273K (4.5 Torr) before admission to the flow 
system where the water vapour pressure was about 2. mTorr~ 
This low concentration along with the low yield of 
radicals meant that the maximum hydroxyl radical 
concentration was less than in Sections IV.2.(1)t2). 
When a high flow of nitric oxide was added to the flow 
of d charged water vapour the mass spectrtun obtained 
on the more sensitive Quad 1210 was much ~ifferent to 
that obtained when the hydrogen atom reactions were 
used as radical sources. The peak at M47 increased as 
the nitric oxide flow was increased, wh-ereas the Wt-6 peak 
showed a much smaller increase. The results of a series 
of experiments are given in Table IV a1 •• 
These results suggest that the mass spectrwn 
of nitrous acid possesses a parent peak at M47 with 
perhaps a small peak at MLt6 .. 
93 
TABLE!If .1 
s to Detect id 
Conditions 
Gas Mixture M46 
----
H20/Ar Off 0 0 
H20/A:r On 1 1 
H20/Ar/NOa On 3 12 
R20/Ar./NOb On 7 14 
H20/Ar/NOb Off 13 6 
H20/Ar/N0° On 3 10 
* Unit of mass spectrometric sensitivity 1 x -14 10 amps. 
Nitric oxide flow a""c>b. 
4. DISCUSSION 
The differences between mass spectra obtained with 
different sources of hydroxyl radicals could have 
several interpretations, The most likely is that 
considered earlier,where the large nitric oxide flow 
reduces the hydrogen atom concentration producing an 
excess of either nitrogen dioxide or ozone. The excess 
ozone would rapidly oxid e nitric oxide to nitrogen 
dioxide and in both cases the peak at Ml~6 would increase .. 
Another possibility would be the reverse of this 
situation where an excess o.f hydrogen atoms was produced 
and these atoms could possibly react rapidly with any 
nitrous acid produced to give nitrogen dioxide 
H + HONO 
'This nitrogen dioxide would also increase the height of 
the peak at MLJ-6. 
In the experiments using water vapour as a 
hydroxyl radical source, in the presence of the large 
excess of nitric oxide, the peak at M46 decreases on 
activation of the discharge. This peak is at least 
3 orders of magnitude less than the nitric oxide signal 
and could be due to a small nitrogen dioxide impurity 
in the nitric oxide. The h;y·drogen and oxygen atoms 
produced in the discharge would rapidly remove this 
nitrogen dioxide. This level of impurity is however far 
too low to explain the increase in M46 peak with nitric 
oxide flow found in experiments described in Sections 
IV. 2 • ( 1 )~ ( 2) • 
Before the reaction of hydroxyl radicals with 
nitric oxide can be used as a source of nitrous acid 
for kinetic experiments another method of hydroxyl 
radical production is required. Discharged water 
vapour has been shown to be generally unsatisfactory 
for kinetic experiments since the radicals are not 
produced entirely within the discharge region and 
other atoms and radicals are also present. 'l'he most 
common hydroxyl radical sources, viz. the reactions 
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of hydrogen atoms with nitrogen dioxide or ozone, have 
been shown to be unsatisfactory in this particular study. 
Discharging hydrogen peroxide (H2o2 ) suffers from the 
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same problems as discharging water vapour. (157) ~rhe 
bimolecular reactions of atomic oxygen with molecular 
hydrogen, and atomic hydrogen with molecular oxygen 
0 + H 2 OH + H 
OH + 0 
are both too slow to produce significant hydroxyl radical 
concentrations. ( 28 ) One possible source of hydroxyl 
radic s which 'would require a much higher pressure 
than was possible in th study would be to react hydrogen 
atoms with molecular oxygen at pressures of several Torr. 
The initial reaction would be the termolecular combination 
of the hydrogen atoms with the oxygen molecules to give 
the hydroperoxy radical which would react with add ional 
hydrogen atoms to produce the hydroxyl radicals 
H + 02 + M H02 + M 
H + H0 0 OH + OH c:.. 
The rate constants for t se reactions are 
-32 6 -2 -1 1 .. 8 x 10 em molec. s and 
respectively. (28) 
The other problem encountered in this study which 
must be overcome is the inability to use t mass 
spectrometer to accurately measure concentration. As 
discussed earlier th is due to either high total 
pressures or high nitric oxide concentrations in the ion 
source. Whatever the cause, the problem can be overcome 
by decreasing the size of the sampling inl from the 
flow tube into the mass ectrometer ion source. This 
would lower the sensit ity of the mass spectrometer to 
species in the flow tube by increasing the pressure 
differential between the sections,but as the currents 
measured in this study were well above the detectable 
limit a small reduction in sensitivity could be 
accommodated. 
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CHAPTER V 
THE REACTIONS OF OZONE WITH METHYL AND E'l'HYL NITRITES 
1. INTRODUCTION 
In this section a study was made of the reactions 
of ozone with methyl and ethyl nitrites for two reasons .. 
Firstly, the nitrites were used as model compounds for 
nitrous acid whose oxidation by ozone could be 
significant in the nitrogen oxide balance in the 
stmtosphere (see Section IL. 2. ( 1 )) & Secondly, the alkyl 
nitrites have been postulated as intermediates in 
photochemical smog and computer mechanistic models 
consider only their loss by photolysis. (7) I.f. 
reaction with ozone were of comparable rate to their 
photolysis then this reaction should be included in 
future smog models, i.f not, then its exclusion could 
be justified. 
2. FLOW SYSTEM STUDY 
An attempt was made to study the reaction of 
methyl nitrite with ozone using the flow system 
described in Section III~1.(1). A mixture of ozone 
ir 
and oxygen was used as the carrier gas and the nit e 
admitted through the movable inlet system~ Under the 
slowest flows at the highest cone ration 
no reaction was observed. It was estimated that as 
little as 5% reaction could have been reliably detected 
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and using this value an upper limit for the rate constant 
-18 3 -1 -1 ' of 10 em molec. s was est1mated. 
When the reagents were admitted to the static 
system formed by rusolating the flow tube from the 
pumps, the ozone concentration was found to decrease 
showing that the reaction, although slow, did proceed~ 
To study the kinetics of the reaction it was necessary 
to admit the reagents to a static rather than flowing 
reaction vessel where they would react at a measurable 
rate. The flow system could not be used under static 
conditions since the geometry introduced mixing problems, 
nor could it be used as a stopped flow reactor. Attaching 
a small static reaction vessel to the mass spectrometer 
was possible but the sampling leak size would have 
severely restricted the pressures available in the 
reaction vessel. Ultimately the use of a mass 
spectrometer was rejected in favour of an infrared 
spectrophotometer to measure reagent concentrations and 
to facilitate product identification. 
3. INFRARED SPECTRA 
The infrared spectra of methyl and ethyl nitrites 
are shown in Figures V.1.a and 2.a respectively. The 
major absorptions are due to the terminal N-0 stretch at 
-1 1600-1700 em , the methoxy nitrogen 0-N stretch at 
-1 around 800 em and the carbon oxygen stretch at 
around 1000 cm-1 • These absorptions are all doubled, 
the most pronounced being the N-0 stretch at 1600-1700 
cm-'·l. This doubling is due to the presence of cis-trans 
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isomers produced by the hindered rotation about the 
(5) CH30-NO bond .. 
trans 
CHr-0~ 
/'N 
0 
c 
J:i'igure V ~ 1. b shows the infrared spectrum of a 
specially prepared. sample of methyl nitrate o The two 
major differences between the nitrate and nitrite 
spectra. are the appearance of a strong absorption at 
1270-1300 cm-1 being the symmetric stretch of the 
nitrate group, and the condensing of the double 
absorptions of the nit e into single absorptions as 
there free rotation about all bonds in the nitrate. (160) 
Ozone was found to have a single absorption system 
centred at 1000 cm-1 consistent with its simple structure. 
4. PEODUCTS AND STOICHIOMETRY 
The infrared spectrmn of the product of the 
reaction of ethyl nitrite and ozone is shown in 
Figure V.2.b~ This shows the features of a nitrate, 
viz .. the nitrate absorption at 1270-1300.cm-1 and 
single absorptions due to the other major vibrations. 
These latter features contrast witr.t the doublets 
observed in the nitrite spectra.. The infrared spectrum 
of the product of the reaetion of methyl nitrite and 
ozone showed the same features as that of the ethyl 
nitrite reaction and the spectrum was identical to that 
, of the specially prepared sa.mple of methyl nitrate. 
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This showed the nitrate to be a product of the 
ozonolysis of the nitrite. The other probable product 
from this reaction, oxygen, could not be detected as 
its vibrations are infrared inactive. There was no 
evidence for any other products. 
As outlined in ction III.3 it proved difficult 
to relate infrared absorbances to absolute concentrations 
of nitrite and nitrate in the cell so only relative 
concentrations could be measured. However it was 
possible to determine the stoichiometry by measuring 
the relative consumptions of nitrite and ozone. On 
reaction with an excess of ozone the absorbance of methyl 
. -1 
nitrate measured by the nitrate absorpt:ton at '1280 em 
+ was 0.08L~ - 0.010 per Torr of reacted nitrite, and on 
reaction with an excess of methyl nitrite the absorbance 
of methyl nitrate was 0.071 ! 0.010 per Torr of reacted 
ozone. It was therefore concluded that one mole of 
ozone reacted with one mole of nitrite. 
An experiment was performed which there was 
no large excess of argon present and it was found that 
on reaction there was no pressure change. This 
showed that there was no change in the number of 
moles of gas on reactionG 
The known product, the stoichiometry and the 
constant number of moles led to the conclusion that the 
reaction was 
RONO + o3 RONO + 0 2 2 
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FIGURE V.3 Typical Guggenheim Plot for the Heaction 
of ~.1othyl Nitrite with Ozone 
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5.. RATE CONSTANT DETERMINATION 
In most kinetic experiments the rate constants 
were determined under pseudo first-order conditions, 
using an excess of ozone, and measuring the disappearance 
of the nitrite using the RO-NO absorptions at 805 .and 
-1 . 798 em for methyl and ethyl nitr1te respectively. At 
these frequencies th!?re was found to be negligible 
interference due to absorptiorl bands from other species 
present. These results were analysed using the 
Guggemeim method (161 ) (see Appendix IV) and a typical 
Guggen~im plot is shown in Figure V.3. The first three 
poj.nts lie off the line because the reagents take a 
finite time to completely mix~ 
Since practical considerations limited the 
concentration range over which the reaction could be 
studied two other tests involving the rate constant were 
carried out to confirm tha·t the reaction proceeded as 
determined in Section V82. In one kinetic experiment 
the appearance ofmethyl nitrate was monitored and the 
rate constant for its appearance determined. This rate 
constant was within experimental error of that determined 
from methyl nitrite disappearance which confirms that 
methyl nitrate must be the major product of the reaction. 
The assumption that the reaction followed simple second-
order l{inetics was tested by using a much lower excess 
of ozone (approximately 4 fold) and the rate constant 
calculated using the full second-order rate equation. 
Absolute nitrite concentrations were obtained from the 
absorbance.. The extinction coefficient was obtained by 
extrapolating the absorbance-time curve to zero time. 
This extrapolation covered no more than 10% of the 
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total absorbance and the initial absorbance so obtained 
was eQuated to the product of the extinction coefficient 
and the known initial nitrite concentration,. This 
determination gave a rate constant within the experimental 
error of the other measurements verifying the assumption 
of second-order kinetics. The results of the rate 
constant determinations are given in Tables V.1 and 2 .. 
It was estimated that the error in each rate 
constant determination, from the sum of the errors in 
the slope of the Guggenheim plot and the measurement 
of ozone concentration, amounted to· 7% of the total 
rate constant. 
The standard deviation of a group of results at a 
given temperature is generally about 7% of the average, 
showing the scatter of the results to be within the 
experimental error. In only two of the eight averaged 
rate constant determinations did the standard deviation 
exceed 7%. The uncertainties quoted with the averaged 
values and plotted in Figure V.4 are twice the standard 
deviation .. 
Activation energies (Ea) and Arrhenius parame rs 
(A) were obtained from a least squares analysis of the 
Arrhenlus plot, log1 0k verses 
1 /T shown in :Figure V ,.l.J .• 
This plot results from the Arrhenius equation expressed 
in the form 
- E a 
2.303RT 
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TABLE V .. 1 
RATE CONSTANTS FOR THE REACTION OF ME~PHYL NITRITE AND OZONE 
TemJ2. [cH30NOJ O [o3Jo ( eudo 1st kx1o20 rat:r __ .. 0 3 -1 -1 K Torr Torr x10 em molec,. s 
s-1 
298 ·0,.879 1l~ ~ 76 6.78 1 .L~2 
298 '1 .L4-5'J 18 .. 65 7.45 1 .. 21..1. 
298 0 .. 925 18 .. 23 7,.68 1 .. 3"1 
298 1.237 18.06 7-68 '1. 31 
298a 1.169 16.09 6 .. 46 1.24 
298 01>748 14 .. 26 6&02 1.30 
298b 4.574 19.75 1~2~ + 1. 30- '* 12 
3'16 1. '10 12.60 9 .. 12 2.36 
316 1.06 13011 15.A 3 .. 83 
3'16 1.05 14 .. 33 '13. 7 3 .. 13 
316 0 .. 56 9 .. 72 8~62 2.9Q + 3.06-1.06 
338 0 .. 56 11~52 28 .. 0 8$L~O 
338 0.51+ 9 .. 63 29 .. 6 10.8 
338 0~89 12.07 ll·4.2 12.8 10.67:3.60 
352 0 .. 69 1 'I ~ 25 59.7 19.3 
352 0.82 10.53 56.9 19~7 
352 0.82 12 .. 16 6000 18.0 
352 0.86 11.83 70.0 ghz ·I-'19 • 70-3 • 06 
a Reaction followed by the appearance of methyl nitrate 
b Rate eonstant determination by second--order analysis 
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TABLE V .. 2 
RATE CONSTANTS FOR THE REACTION OF ETHYL NI'l'RI'I'E AND OZONE 
Tem.e.:. [c2n5oNoJ 0 [o3] 0 (pseudo 1st k X 1019 
-----
order rate 3 -1 ~1 K Torr Torr const x10 2 em molec. s 
s-1 
298 1 .. 08 13-.61 4 .. 72 1.07 
298 0.782 9 .. 34 3.42 1 .. 13 
298 1 .. 07 12.69 5.04 1.22 
298 OQ600 13.'19 4.97 ·L17 
298 1. 61 12.75 5.12 1.24 + 1.17-0.1LJ. 
310 1 .. 00 13.44 6.54 1 .. 56 
310 0.88 14 .. 60 7.59 1.67 
310 'l.'l1 11.94 5.39 '1,.45 
310 0 .. 82 12.19 6.63 '1. 75 
310 0.92 12.17 5.88 1 • + 1.60-0 .. 23 
324 1.02 12 .. 92 8.47 2 .. 20 
324 0 .. 86 12 .. 53 7938 1.97 
324 0 .. 89 12 .. 61 7.71 2.05 
324 1.00 13 .. 45 8 .. 91 2 .. 21 
324 1 Goo 12 .. 46 8.02 2.16 + 2.12-0.,20 
328 1.02 12.15 8 .. 96 2.50 
328 1 .. 02 11.90 9.67 2~76 
328 0 .. 83 11.64 8 .. 05 2.35 
328 0.90 12 .. 67 9. 2.46 '+ 2.52-0.35 
0·0 
19 
19·0 
FIGURE V .Lf .• 
I 
3QO Q2 3~4 
10~T ( -1 ) 
Arrhenius Plots for the actions of Methyl 
Nitrite (·filled circles) and Ethyl Nitrite 
(open circles) with Ozone4 
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The slope and intercept of these plots gave the 
following expressions for the rate constants. 
(-12 .. 17.!0.,46) 
for methyl nitrite and 
log10k = (-15.50!0+32) 
for ethyl nitrite. The units of k and A are 
3 -1 -1 -1 em melee. s and Ea is in kJ .. mol ,. The uncertainties 
quoted represent twice the standard errors of the slope 
and intercept as obtained from the least squares 
analysis .. 
6. DISCUSSION 
The product analysis, stoichiometry and rate 
determination experiments show the reaction to be the 
simple oxidation 
RONO + o3 
The enthalpies of .these reactions being 198 and 
·195 kJ .mol-1 for R = methyl and R = ethyl respectively. 
The reactions appear to be uncomplicated v;ith ac·t:i.vation 
energies in the normal range for bimolecular gas phase 
reactions (0-100kJ.mo 1 )$ (76) There 
to be an anomaly in the magnitudes of the Arrhenius 
parameters with that of the ethyl nitrite ozone reaction 
being extremely low. 
The simple col:l ion theory relates the Arrhenius 
parameter (A) to the co ision frequency (Z) by the 
steric factor (P). A = PZ .. 
TABLE V.3 
Arrhenius parameters, collision frequencies and steric 
factors for ozone reactions. The orders of magnitude 
of the values are given in brackets. 
Reactant A zx1o10 p 
3 -1 --=1 em molec. s ·~~olec :·l s-1 
methane a 2.7(-13) 3 •1+6 7.8(-1+) 
ethylene a 6.0(-15) 3.19 1.9(-5) 
propene a 7.0(-15) 4,18 1.6(-5) 
nitrogen dioxide a 1.1(-13) 2.47 4.4(-4) 
nitric oxide a 9.0(-13) 2.59 3.5(-3) 
1 butene b 2.94(-15) 3.16 9.3(-6) 
2 methyl propene b 3.18(-15) 3.16 1.0(-5) 
2 butene b 5.98(-15) 3.16 1.9(-5) 
cis 2 butene b 3.11(-15) 3.16 9.8(-6) 
2 methyl 2 but~ne b 6.37(-15) 3.70 2.0(-5) 
2,3 dimethyl butene b 2.83(-15) 3.65 9.0(-6) 
methyl nitrite c 6.76(-13) 3.03 2.2(-3) 
ethyl nitrite c 3.16(-16) 4.27 7 A(-7) 
a) Reference 28 
b) Reference 162 
c) This work 
109 
Table V.3 lists values of A, P and Z obtained 
from a number of ozone reactions. The most noticeable 
feature of the table, excluding the ethyl nitrite 
result, is that for the simpler, smaller reactants such 
as methane and nitric oxide the steric factors are in 
the range 0.8-3.5x1o-3, whereas for the reactions of 
the more·complex olefins the steric factor is much 
lower, in the range 0.9-2x10-5. The steric factor 
for the nitrogen dioxide reaction lies between these 
values. The values obtained for the steric factors 
for the more complex molecules are consistent with the 
simplest form of the transition state theory which 
predicts that for the reaction of two non linear 
molecules the steric factor will be related to the 
partition functions for vibration (q .b) and rotation 
VJ. 
(qrot) by 
p 
-( )5 - q 'b Vl. 
qrot 
Taking typical values for these functions a probable 
value for P is ru 10-5. C 163) 
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The value of the steric factor for the methyl nitrite 
ozone reaction lies w:lthin the range for the simpler 
reactions, but that for the ethyl nitrite reaction an 
order of magnitude lower than either the predicted 
value or the values listed. It is unlikely that the 
lower steric factor is due to the alkyl group lding 
the molecule from ozone attack as an increase in alkene 
size had no effect on the Ar:chenius parameters observed 
for the ozonolysis of the alkenese 
The other possible explanation is that the relatively 
small temperature range covered in these experiments 
coupled with the long extrapolation could produce an 
error in the Arrhenius parameter much higher than that 
estimated. If this is the case then the value of 
3./1 10-16 may well be in error and attempts to explain 
its anomalously low value unnecessary. 
Alkyl nitrites have been postulated as intermediates 
in photochemical smog, and have been included in smog 
models. The nitrites are produced by the reaction of 
alkyoxy radicals with nitric oxide 
RO + NO + M RONO + M 
These species have not been detected although the nitrates 
formed by the analogous reaction with nitrogen dioxide 
have been found in a smog chamber. ('104) 
RO + N02 + M 
The only mode of nitrite decomposition considered in the 
models is the photolysis 
RONO + ln) ~ RO +NO 
which is asstulled to have a quantum yield of unity 
below 400nm a1id a rate of photolysis in sunlight of 
2x10-3s-1 .(7) Consider now the possible competing 
reaction of the oxid ion of the nitrite by ozoneo The 
rate constants at 298K for this reaction have been 
determined as "1.3x10~· 20cm3molec:1 s- 1 and 
1. 2. x1 o-19 cm\nolec : 1 s ~ 1 for R ::; methyl and ethyl 
respectively. The maximum value of the ozone 
concentration on a smoggy day from Section II~2.(2) is 
L~.9x1o12 molecules per cm3 (Oo20ppm). Calculation of the 
pseudo first order rate constants for nitrite removal 
by this reaction yields 6.4x10-8s-1 and 5~7x10-7s-1 
for methyl and ethyl nitrite respectively compared with 
the value of 2x10-3s-1 for the photolysiso Hence the 
rate of removal of nitrite by ozone oxidation is 
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over four orders of magnitude slower than the photolysis 
and can safely be ignored as a removal step for nitrites 
in photochemical smog. 
'I'he oxidation of nitrous to nitric acid by ozone 
HONO + 03 ~ HON02 + 02 + 200kJmol-
1 
is analogous to the nitrite oxidation to nitrate. 
Considering the results of this study it appears 
unlikely ~hat the rate constant for·this reaction 
would exceed 10-18cm3molec:1s-1 • In Section II.2$(1) 
it was shown that if the rate constant of this reactio~ 
exceeded 1o-17cm3molec:1s-1 then the reaction should 
be included in model calculatiom on the chemistry of 
nitrogen in the stratosphere. This study suggests 
that the rate of this reaction is too low for the 
reaction to play a significant part in determining the 
nitrogen balance in the stratosphere. 
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CHAP':rER VI 
THE REACTIONS OF HYDROGEN ATOMS WITH METHYJ..J AND ETHYL 
NITRITES 
The aim of this section was to use the discharge 
flow-mass spectrometer system to examine the reactions 
between hydrogen atoms and methyl and ethyl nitrites. 
For each nitrite the study involved the determination 
of the primary rate constant, the primary and secondary 
products and the stoichiometry, and led to a postulated 
mechanism. Of greatest importance among the reaction 
products were the alkoxy radicals which are important 
species in photochemical smog. To date however no 
reactions of these radicals have been directly studied. 
It was hoped that the alkoxy radicals could be detected 
as a product of these reactions and an investigation 
of their reactions undertaken. 
1. MASS SPECTRA OF METHYL A))ID ETHYL NITRITES 
References to the mass spectra of these nitrites 
in the literature usually state that they have 
negligible parent and par.'ent minus one peaks .. (152) In 
the listed mass spectrum of methyl nitrite the parent 
peak is 0.1% and the parent minus one peak 2.6% of the 
largest peak. ( 151) However in this study it was found 
that both methyl and c~thyl nitrites have parent peaks, 
although in the latter case it proved too small to use 
for kinetic studies. The mass spectra of the two nitrites 
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are presented in Tables VI.1 and VI,2 and were recorded 
on an A.E.I. M.S. 902 high resolution mass spectrometer 
at a source pressure of 1. 5x10-6 T'orr using an electron 
energy of 70eV (as used in the Quad 1210). It was not 
possible to use the Quad "1210 attached to the flow 
system to obtain these spectra as the :tuad did not have 
constant·resolution between mass ranges, and as le 
resolution setting could not encompass a sufficiently 
wide mass range. 
The most noticeable feature of the spectra is the 
large number of fragment ions produced under electron 
bombardment~ In both nitrites the major peak is at 
M30 (mass peak 30) corresponding to NO+ and CH2o+ 
which is consistent with the RO-NO bond being the 
weakest in both molecules. The bond energies D(RO-NO) 
0 -1 are 474•7 and 175.7 kJ.mol for R = methy·l and R"" 
ethyl re actively, ( 134 ) compared with typical values of 
395kJ for a C~H bond and 330kJ for a C bond. ( 164·) 
This weak bond also explains the large peaks corresponding 
to the RO+ ions. Most other possible fragment ions 
are observed, in particular the peak at M60 (CH20NO+) 
in the ethyl nitrite spectrum was important as this, 
rather than the small parent ion was used to monitor 
ethyl nitrite concentration. 
The relatively large H2o+ peak in the methyl 
nitrite spectrum wa.s most probably due to water impu:rit s 
in the handling line to the mass spectrometer as it was 
not observed in the ethyl nitrite spectrum. Furthermore 
spectra taken over the low mass range using the Quad 
'1210 showed no M18 peak o.f this relative magnitude. 
* 
TABLE VI.1 
MASS SP.ECTRUM OF METHYL NITRITE 
Mass No 
14 
15 
17 
18 
27 
28 
29 
30 
31 
32 
46 
60 
61 
Species 
CH + N+ 2'l 
+ CH3 
OH+ 
H o+ 2 
( + +) c2H3 ,HCN ? 
co+ 
cao+ 
CH2o"!" NO+ 
CH3o+ 
0 + 
2 
NO + 2 
CH20NO+ 
CH30NO+ 
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Relative Peak 
Intensity * 
7.50 
0.86 
4.21 
1.63 
"'15.11 
17.89 
100.00 
5.66 
2.55 
1. 71 
5·53 
11.97 
(all other peaks< 0. 5% of mass 30) 
Relative peak intensity expressed as % of the most 
abundant peak (mass 30)$ 
Contributions to the above peaks from the background 
mass spectrum have been subtracted. 
* 
TABLE VI.2 
MASS SPECTRUM OF ETHYL NITRI'rE 
Mass No Species 
13 
14 
15 
26 
27 
28 
29 
30 
31 
32 
42 
43 
L~5 
46 
60 
74 
75 
116 
Relative Peak 
Intensity * 
0.56 
2.08 
10.00 
2.32 
12~00 
11.92 
28$00 
'100 .00 
3.12 
1.32 
1.20 
11.20 
2&80 
13.60 
1 312 
39 .. 60 
0.96 
0.64 
(all other peaks <:Os5% of mass 30) 
Relative peak intensity expressed as % of the most 
abundant peak (mass 30). 
Contributions to the above peaks from the background 
mass spectrum have been subtracted. 
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2o REACTION PRODUCTS 
Products were determined using as wide a variation 
in reaction conditions as possible. Since the carbon-
carbon bond in ethyl nitrite is one of the strongest 
in the molecule (bond energy about 339kJ.mol -1) ( 164) 
it was initially assumed and later shown that this bond 
was not broken on reaction and so the products from the 
two reactions were considered to be similar. 
In the methyl nitrite reaction with hydrogen a.toms, 
the peaks at M2, M16, M18, M28 and M30 increased as the 
extent of reaction increased under all reaction conditions. 
To help elucidate the reaction products, several 
experiments were performed with deuterium atoms in place 
of hydrogen atoms. In these experiments peaks at M3, M4, 
M17, M18, M}9, M20, M28 and M30 increased under all 
reaction conditions. In the ethyl nitrite reaction the 
same peaks, with the exception of M16 and M17, 
increased and of the other peaks only M31 in the reaction 
with deuterium atoms showed a consistent increase~ 
The increase in M30 could only be discerned at 
high extents of reaction because of the large 
contribution to this peak from the nitrite. Little 
information can be gained from this observation as 
nitric oxide has a higher mass spectrometric sensitivity 
at M30 than either of the alkyl nitrites. This means 
that if all the consumed nitrite is converted to nitric 
oxide, which will be shown to be the case, the peak at 
M30 will rise solely due to differences in mass 
spectral sensitivity. This makes the identification 
of other products at M30 impossible. 
The production of nitric oxide was definitely 
established by the presence of the characteristic 
green-white "air glow" which results from the reaction 
of oxygen atoms with nitric oxide 
0 + NO 
NO * 2 
The increases at M2, M3 and M4 showed that molecular 
hydrogen was a product, both of the hydrogen atom 
abstraction from the alkyl group, and, of a series of 
reactions causing net recombination of atoms. 
The peak at M16 in the methyl nitrite reaction 
was found to increase proportionally to nitrite destruction 
at short and long reaction times (see Table VI.3). This 
observation shows that the atomic oxygen is not a 
contributor to this peak as its yield would be expected 
to drop at long times due to the reaction with methyl 
(9) nitrite. This also excludes molecular oxygen as a 
possible major long term product as this would increase 
the yield at M16 at longer times. Methane was the most 
likely product because its subsequent low reactivity 
would ensure a constant yield. Further evidence for 
methane production came from the increase in M17 (CH3D) 
in the reaction of deuterium atoms with methyl nitrite. 
It was impossible to detect ethane directly by 
means of its parent peak in the ethyl nitrite reaction 
with hydrogen atoms because o.f the large changes 
already present at M30 due to NO. However the small 
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increase in M31 on reaction with deuterium atoms confirmed 
that ethane was formedo 
Water and heavy water were detected in the hydrogen 
and deuterium reactions by the peaks at M18 and M20 
respectively, and HDO in the deuterium atom reaction 
at M'l9o These signals were erratic and irreproducible 
at short times, but at longer times and greater extents 
of reaction the increases became more stable and sizeable. 
The changes at M28 (CO+) seemed to bear no 
relation to changes in the parent alkyl nitrite peaks 
and could not readily be explained as any species with 
a carbon-oxygen bond would contribute to this peak. The 
only conclusion that could be reached was that there are 
carbon and oxygen containing products present at all times. 
In the ethyl nitrite reaction the peaks at M60 
(CH20NO+) and M75 (c2n5oNO+) were compared to see if there 
was any evidence for carbon-carbon bond rupture on 
reaction, but under a wide variety of conditions these 
peaks behaved in parallel~ This showed that M60 had no 
contribution from a product of the reaction and could be 
used as a monitor of ethyl nitrite concentration. 
In the ethyl nitrite reaction l\!!44 (Co2+ ,c2n,+o+) 
showed an increase in height on reaction at short times 
with low atom concentration. However at longer times 
and higher concentrations this peak, which has a small 
contribution from the ethyl nitrite mass spectrum, 
behaved as a fragment ion of the nitrite decreasing with 
the extent of reaction. The initial increase was 
attributed to acetaldehyde (CH3CHO) which must be produced 
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at times but en removed by secondary react 
thanol and appear to be likely products 
t se reactions. The parent p of methanol 
:ts at M32 and in t 
was studied for ev 
methyl nitrite reaction this p 
nee of the alcohol. Unfortunately 
th ak is e. in the nit e spectrum and 
deere as on reaction. This decrease, however, was less 
than c:ted from parent crease at M61 but 
to reconcile this d erence with methanol product 
were unsuccessful. Operating the ion source at low 
empts 
electron energies to lower the cant ution of the nitrite 
to the M32 peak no additional rmation. However 
when total pressure was raised above 2 Torr, by 
throttling the flow down, the M32 pe increased as the 
extent of reaction increased show either methanol or 
mo cular oxygen to be a product. When deuterium orns 
were used there was no increase in M33 until the tot 
pressure was rais above 2 'l1orr confirming methanol to 
be a product at higher total pressures and higher 
reactant concent j.on::::~. In tht:l reaction of ethyl 
nit e with hydro atoms the ethanol peak at Mll-6 also 
increased only the total ssure was ra This 
s that the alcoho.ls are formed but probab by 
secondary processes and their presence only at higher 
ssures implies they may be formed by termo1ecular 
reactions. 
The peak at M46 was examined to see if nitrogen 
dioxide, N02 , could be detected as a reaction product. 
At 1 reaction times under all reaction conditions and 
at a wide range of electron energies M46, which is a 
.fragment peak of the nitrite spectrum, showed parallel 
behaviour to the parent M61 giving no evidence for 
nitrogen dioxide. 
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Examination of the peak at M47 showed no evidence 
for nitrous acid (HONO) production. 
Searches were carried out for the alkoxy radical 
(RO) and nitroxyl molecule (HNO) in both reactions. It 
was not possib.le to look for these species at reaction 
times less than 1ms because imperfect mixing gave 
anomalous results. In the methyl nitrite reaction both 
CH3o and HNO have parent peaks at M31 which is also a 
large fragment peak of the nitrite spectrum.. By working 
at low electron energies (about 12eV), low atom and 
high nitrite concentrations the signal at M31 was found 
to pass through a maximum with increasing reaction time. 
This indicated the presence of one or both of these 
species although the problems encountered in the-ir 
detection showed their concentrations to be very low. 
The two corresponding i.ntermediates ( c2H5o and HNO) no 
longer have the same mass in the ethyl nitrite reaction 
and by using similar conditions to those described above 
the ethoxy radical and nitroxyl molecule were similarly 
detected independently at M45 and M31 respectively. 
A search was made .for the hydroxyl radical (OH) 
at M1? but trlis was complicated by OH+ formed from water 
as a reaction product. Although the appearance potentials 
+ of OH from the two sources differ by 5eV it was not 
possible to unambiguously identify the OH radical, 
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possibly because the electron gun in the mass spectrometer 
produces electrons with a range of energies in excess 
of this difference. 
An attempt was made to detect the CFL)ONO radical 
L. 
in the methyl nitrite reaction by measuring the ratio 
of heights of M60 and M6"1 under a wide range of reaction 
conditions,but this io was found to be constant.. Since 
the M60 peak was about half the height of M61 peak t 
detection limit for this radical was quite high so it 
must be discounted as a major long-lived product. 
In Section III.4.(6)4 it was ed that a· 
polymer adhered to the walls of the flow tube and in the 
presence of atoms gave rise to s peaks in the 
mass spectrum. This effect was most marked with masses 
M30, JIJILJ.6 and M60 but rsisted with many mass numbers 
up to the limit of the mass spectrometer (M100). The 
high masses observed suggested that a polymer was 
responsible and with M30 showing the biggest e ect 
followed by M'+6 and M60 it was concluded that the 
offending polymer was probably one of the polymeric forms 
of .formaldehyde (CH20)no Th then gave fragments 
CH20, CH2o2 , (CH2o)2 , (CH2o) 3 etce either directly on 
reaction with atoms or in the mass spectrometer inn 
source. Since the methyl nitrite/hydrogen atom 
reaction was the first to be run in all the flow tubes 
used tn this wo formaldehyde can only be ass a 
product of ihis re ion. Qualit obse ions 
however suggested that the effect of the polymer was 
also present withfue ethyl nitrite reaction and 
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formaldehyde was also tentatively assigned as a product 
of this reaction. 
Of the primary products only methane in the 
methyl ni'tri te react ion was stable to further atom or 
radical attack and had a mass peak relatively uncomplicated 
by other species so that a yield could be measured 
quantitatively. The results of 14 yield determinations 
are shown in Table VI.3 and the yield of methane from 
the reaction of hydrogen atoms with methyl nitrite is 
(8.7:!:1.5)% assuming that all the increase in M16 is 
due to methane. The absence of a trend in the calculated 
yield shows that atomic and molecular oxygen do not 
contribute substantially to this peak and that methane 
is formed solely by the primary reaction. 
In conclusion, the products detected for the methyl 
nitrite/hydrogen atom reaction were hydrogen, nitric oxide, 
methane, water and formaldehyde& Methanol was detected 
at higher pressures with either methoxy radicals or 
nitroxyl molecules (or perhaps both) detected as 
intermediates. The products detected for the ethyl 
nitrite reaction were hydrogen, nitric oxide, ethane, 
water and possibly formaldehyde. Ethanol was detected 
at higher pressures and acetaldehyde, the ethoxy radical 
and nitroxyl mo cule detected as intermediates~ 
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TABLE VI. 3 
METHANE YIELD FROM ME'rHYL NITRITE HYDROGEN ATOM HEAC'riON 
Reaction Time mr3oNo CH1+ Yield -------
---
----- ----- % ms m1rorr mTorr 
L~ • 5. 0 .. 53 0.049 9.2 
7~9 0 .. 73 0.077 '10. 5 
15 .. 0 1.20 0. 09'1 7.6 
6.0 0,.80 0.070 8 .. 8 
10.0 1 813 0,.083 7.3 
28.0 1LL7 1 .20 8.2 
28.0 23 .. 2 2.07 8.9 
28.0 23.3 2 .. 07 8.9 
10.6 11+,0 1 .21 8.6 
10.6 13.3 1.16 8.7 
10.6 '10 .6 0~94 8.9 
10.6 4.65 0.41 8.8 
48 3"1 0 3 2o56 8.2 
48 36.7 3.23 8 .. 8 
"""""'_..,_,. __ 
Mean with estimated + error 8.7-1.5 
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TABLE VIA 
STOICHIOMF;'l'HY OF THE RONO + H R:iiACTION 
R = METHYL 
[HJ [cH30NO] ~[cH30NO] L;[QH30NO] __ll!}_ 
mTorr roT orr mTorr [H] .c,IQH30NO] 
).25 24-.43 0.92 0.28 3·53 
6.17 39.09 1·63 0.26 3.79 
7·93 27.30 2.04- 0,26 3.89 
9.56 17.10 2.44- 0.26 3.92 
10.17 42.76 3.05 0.30 3.33 
11+. 04 20.36 3.37 0.24 4.17 
16.95 41.13 4.48 0 3.78 
+ 0.27 -0.02 + 3.78-0. 
R == ETHYL 
[H] [92n50NOj L:~~2H5oNoJ 4@2H5oNo] [H] 
mTorr mTorr mTorr [H] .6 @2H50NO] 
4.61 79 4.83 1.05 0.95 
6.78 189 4. <Jlt. 0.73 1.37 
10.31 127 8.87 o. 1.16 
13.29 79 10.9 0.82 1.22 
16.07 285 14.2 0.88 1.13 
.73 82 18.2 0.77 1. 30 
28.55 353 25.6 1.12 
0,86,!0.20 + 1.17-0.28 
3· STOICHIOMETRY OF THE REACTION 
':[lhe stoichiometry was determined at times greater 
than 100ms and at total pressures of about L-1-00m Torr. 
The results of the stoichiometry determinations are 
shown in Table VI.4.. The overall consumption of hydrogen 
CJ,. 
atoms per molecule of nitrite is 3.78!0.50 for methyl 
nitrite and 1.17:!:0 .. 28 for ethyl nitrite. The 
uncertainties quote(l represent twice the standard deviation 
of the results averaged~ 
4. KINETIC DATA FOR THE PRIMARY REACTION 
Preliminary experiments indicated that the reaction 
was quite slow so initially the rate constant was 
determined under slow flow conditions at total pressures 
around 400 mTorr with 35-60 mTorr of atoms, 0.5-5.5 mTorr 
of nitrite and reaction times of 10-100ms. Calculation 
of the rate constant from the slope of the log 
concentration/time plot gave rate constants that increased 
as the concentrations were lowered. This trend suggested 
that secondary reactions were occurring to a significant 
degree and first order kinetics were not being followed. 
I 
To minimise the eff~ct of these reactions it was necessary 
to decrease the reaction time by operating under fast 
flow conditions and the reagent coneentrations were 
lowered to the point where the calculated rate constant 
was found to be independent of concentration. 'rypical 
conditions were total pressure 120 m'rorr with 10 mrrorr 
of atoms, 045 mTorr of nitrite and reaction times of 2~15ms. 
The results of the determination of the primary rate 
constants are given in Tables VI.5 and VI.6 for the 
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methyl nitrite and. ethyl nitrite reactions respectively. 
Allowance has been made in each determination for the 
effect of the pressure drop down the tube on the 
rate constant and the full description of the analysis 
used to obtain the rate constant can be found in 
Append IV. The unce ainty in each determination 
arising from the errors in flow velocity, atom 
concentration and the standard error of the log 
concentration/reaction time plot is 15% of the calculated 
value* The uncertainties quoted for the averaged result 
for a given temperature are two standard deviations 
which is in the range 10-20% consistent with the 
estimated uncertainties. 
Activation energies (E ) and Arrhenius parameters 
a 
(A) were obtained from a least squares analys of the 
Arrhenius plot of log10k against 
1;T shown in Figure VI.1. 
This plot comes from the Arrhenius equation expressed in 
the form 
E 
a 
2 .. 303HT 
The slope and intercept of these plots gave the following 
expressions for the rate constants 
log10k (-10~61Z0.20) ( + ) - 16.2 -1.0,. - --, .. ·----~ 
2.303HT 
for the methyl nitrite reaction and 
log10k - c -11 . o62~o. 20) + ) - .e ·-1.0 2.303RT 
for the ethyl nitrite reaction. The rate constants and 
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rrABLE VI.5 
RATE CONSTANTS FOR THE HEACrl'ION OF METHYL NITRITE WITH 
HYDROGEN ATOMS 
rr 
__[j\rt;£!:!:} lTIJ [cH30No]0 kx10 '1L~ -----
------ 3 -1 -1 K rrtrorr · mTorr n/rorr em molec. s 
298 128 /12.6 0.78 3.52 
II II 
" 0 .. 35 3~78 
II II II 0.69 3·73 
II II 7·35 0.39 3.74 
II II II o. 31 3.91 
II II II 0.17 3.62 
II II II 0.97 3.58 
II II 
" 
1~40 3.27 
II II If 1.94 3.47 
II 115 23.9 0.19 3$61 
II II If 0.37 3~70 
II II II 0.090 3.54 
II II If 1.69 ~ + 3.61- 0.33 
285.5 122 6.13 0.35 2.08 
II If II 0 .. 17 2.73 
" 
II l~ 0 2/1 0~39 2.77 
II II II 0.17 2.67 
II II II OG10 ~1 + 2.62-0.62 
314 .. 5 /120 L~. 29 0~36 5.10 
II II II 0.32 L~. 89 
II II II 0~30 4 .. 80 
II 
" 
II 0~14 5.06 
II II 2.19 0.13 5.21 
" 
II II 0.50 :±·7~ 1+.97~0.38 
1 
TABI1E VI .. 5 CONTD 
T Dfl [cH30NO] O 
K rn Torr mTorr 
mTorr 
328 119 5.10 0.34 6~24 
II II II 0.23 6.82 
II II II Oo15 6&83 
II II 3.81 0.48 6 .. 68 
ll II II o. 6.07 
II !I II 0.29 6.79 + 6.57-0.66 
3LI-1 • 5 115 3.79 0.52 7o88 
" 
!I II 0.32 8.59 \ 
II II !I 0.17 8.83 
II II 5.19 0~20 7-21 
If II 3.79 0.33 8.09:::1.28 
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TABLE VI.6 
RATE CONS'l'ANTS :B'OR THE REACTION OF ETHYL NITRITE WITH 
HYDROGEN ATOMS 
T [g] [c2H5oNo]0 kx10 1'+ ____ ,.. __ 
------
cm3molec71s -'1 K m1rorr mrorr mTorr 
298 98.1 15o69 0.99 3.03 
II II II 0 .. 68 3.03 
II II II o. 3.4·6 
" 
II 7.32 0$62 3.81 
II 119 13 .. 55 0.40 3.40 
II II II 1.12 3.10 
tl 
" 
II 0.68 3.28 
II II tl 0.36 3·53 
II 107 10,'15 1.07 3.08 
II II tl 1~62 3.09 
II II II 0.49 3.30 
II II II 0~21 3.63 
II II 18.09 0.78 3. 31+ 
II II II 1.72 3.33 
II It .II 0.53 3.38 
II II 
" 
0.21 + 3.34-0.46 
283.5 /113 6.30 0.28 2.33 
II II tr 0 .. 16 2.46 
II II It 0.-15 2.50 
It II II 0.09ll- 2.40 2.41!0.15 
315.5 "l "16 5.96 0.24 4.32 
If II !I 0 .1'+ 1+. 36 
II II II 0.10 4.L~7 
II 
" 3- 0.20 Lt. e 50!0 .1+8 
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TABL:B~ VI. 6 CONTD 
T _[ArgoE} 00 [c2H5oNo]0 
/14 kx10 
------
------ 3 ~-1 -'1 K . mTorr mTorr em molec • s 
mTorr 
327.5 107 5.0? 0. '15 4.99 
II II II 0.090 5.68 
II II 6.16 0.16 5.90 
II II II 0.095 6.07 
II II II 0.25 5. 21+ 5.58~0.90 
341.5 '108 6.80 0.25 6.12 
II II II 0.2L~ 6.29 
II II II 0.25 6.92 
II II II 0.16 l!.37. 6~68.::1~15 
i3·6-
13·2 
13·0 
13·6 
13·2-
13·0-
2·8 3~2 3!4 
103/T CK-1) 
FIGURE VI.1 Arrhenius Plots for tho Reactions of 
Methyl Nitrite (open circles) and 
Ethyl Nitrite (filled circles )with 
Hydrogen Atoms 
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A h . . 3 1 -1 -1 d rr en1us parameters are 1n em mo ec. s an the 
-1 activation energies in kJ.mol • The errors quoted 
represent twice the st ard errors in the slope 
and intercept of the Arrhenius plot as determined 
from the least squaresanalysis. 
5. DISCUSSION 
The reactions twe~:.m hydrogen atoms and the alkyl 
nitrites are too complex for a complete analysis of 
their mechanisms to be made on the basis of the present 
measurements. Nevertheless, much useful information 
can be deduced from the product analysis and stoichiometry. 
There are si.x possible exothermic pathways for 
the primary reaction of methyl nitrite with hydrogen 
atoms. They are: 
CH~OH +NO + 261.9 •• ~ (1a) 
') 
CH20NO + H2 + '+0.8 .... (1b) 
CH
3
o + HNO + 31.0 • ,. .. (1c) 
CH20 + H2 + NO + 176.7 • (1d) 
• • • (1e) 
CH7, + HONO + 83.7 • • 
') 
• ( 1f) 
The reaction enthalpies arH given in kJmol-1 and have 
been calculated from tha data in Appendix I except 
for reaction channel ·1b. In this case the bond 
d sociation energy D(H-CH~ONO) been taken as 
.:;;_ 
395.2kJ.mo 1 which is the average of D(H-CH2ocn3), 
-'1 ('I -1 (165) 392.4kJ.mol and D(H-vH20H), 397.9kJ.mol • 
Reaction channel (1a) can be discounted as a 
primary reaction as methanol was not detected early in 
the reaction. It was however detected only at higher 
pressures (>2 Torr) and long reaction times (150ms) 
implying the alcohol could be a secondary product 
formed by a termolecular reaction. 
The CH20NO radical produced in reaction channel 
(1b) was not detected indicating that it is not a 
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major long-lived product. The unimolecular decomposition 
of this radical to formaldehyde and nitric oxide is 
exothermic by 135. 9kJ. mol-'1 and the radical may decompose 
to give these products~ If this is the case then the 
products are identical with those of channel (1d) which 
cannot be discounted as a possible reaction pathway. This 
channel will be considered further in the following 
discussion and channel (1b) ignored since it is 
impossible to distinguish between the two channels. The 
presence of HD among the reaction products of the 
deuterium atom reaction is evidence that channel (1d) 
operates. 
That no mass peak was found at Ml+? is probably 
sufficient reason to discount channel (1f) as a major 
reaction channel sinCE'l the results discussed in Chapter 
IV showed nitrous acid to have a parent peak. 
Reaction channel (1c) proceeds since either 
nitroxyl or the rnethoxy radical were detected at M31 
in the methyl nitrite reaction and both nitroxyl and 
the ethoxy radical in the ethyl nitrite reactionG 
135 
Channel (1e) proceeds since methane was identified 
as a primary product. 'l'he green-white "air glow" which 
was observed to accompany the reaction results from 
the reaction of oxygen atoms with nitric oxide. The 
following series of reactions initiated by the reaction 
of nitrogen dioxide, the other product from channel (1e), 
could be responsible .for the observed "air glow". 
H + N02 ~ OH + NO. $ • • • • • • 
OH + OH -? H2o + 0 • • • • • • • 
'.;; 
0 + NO ~ N02 * 
N02 * ~ N02 + h-0 
Hence the major primary reaction channels are 
(1c), (1d) and (1e) with channel (1e) accounting for 
(8. 7.:.':1. 5 )% of the total reaction. 
The analogous exothermic reactions vrhich are 
• . 
• • 
possible for the reaction of ethyl nitrite with hydrogen 
atoms are: 
(2) 
(3) 
I 
c2n5oH + NO + 260.3 
c2H4 ONO + H2 + L~O. 8 
. • Cl a) 
I 
•• (1 b) 
I 
~ C 2n5 0 + HNO + 30 • 2 • • ( 1 c ) 
.I 
~ CH3CHO + H2 + NO ;- tqf·f& (1 d) 
I 
~ C2H6 + N02 + 167.1 •• (1 e) 
-> c2H5 + HONO + '77.6 •• (1 'f) 
I I I 
Reaction channels (1-'a), (1 b) and (1 f) can be 
discounted for the same reasons as the analogous reactions 
(1a), (1b) and (1f) were discounted in the methyl nitrite 
reaction. Furthermore the absence of ethanol as a 
product at short times and the detection of acetaldehyde 
support the omission of ('l' a) and the inclusion of (1'd) 
respectively. 
(2) Se~Jl9_actio~ 
(a) The Methzl Nitrite Reaction: The primary 
products methane, nitric oxide and molecular hydrogen 
will undergo no further significant reaction in the 
time available before sampling. All other primary 
products are reactive and will react with either 
methyl nitrite or atomic or molecular hydrogen since 
these species have the highest concentrations in the 
flow tube,after unreactive argon. 
Nitrogen dioxide reacts rapidly vvith hydrogen 
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atoms with a rate constant of 1.3x1o-10cm3molec71s-1 • ( 176 ) 
The failure to detect nitrogen dioxide can be expl~ined 
by its low steady state concentration brought about by 
its low yield (8.7!'1.5%) from the slow reaction and its 
rapid rate of reaction with hydrogen atoms. 
rrhe reactions involved are: 
H + N02 ~ OH + NO • 0 • .. • • • • (2) 
OH + OH ~ H2o + 0 • • • • • " 0 • ( 3) 
0 + N0 2 ~ 02 + NO • • • • • . • IJ (4) 
0 + OH ~ 02 + H • • • • • • • • (5) 
This series of reactions would explain the production 
of water in the reactio.n and heavy water :in the deuterium 
atom reaction. 
The nitroxyl molecule is known to react with 
hydrogen atoms to produce nitric oxide and hydrogen, the 
-12 -13 3 -1 -1 
rate constant being in the range 10 ~··10 em molec. s & 
(28) The observed maximum in the nitroxyl signal with 
increasing reaction time supports this as a rapid 
13? 
secondary reaction. 
H + HNO 0 0 • • • 0 • • • ( 6) 
Hence all nitrogen is converted to nitric oxide. 
At the pressures used in this work (<0.5 Torr) 
the rnethoxy radical can react with hydrogen atoms via 
two channels~ 
CH3 + OH 6 • • • • • ••• (7a) 
CH2o + H2 ••••••.• (7b) 
It has been estimated ('166 ) that reaction (?b) comprises 
31% o.f the total reaction and provides a secondary 
source o.f formaldehyde. The other channel produces 
hydroxyl radicals which can react as in reactions (3) 
and (5)~ If the hydrogen atom concentration is low then 
the methoxy radical may attack the methyl nitrite as 
observed in the photolysis. ('133) 
• • • • (8) 
Methanol was not detected under the normal conditions 
o.f this study even at high excesses of nitrite over 
atoms, showing this reaction does not occur to a 
significant extent. At higher pressures (above 2 Torr) 
the termolecular reaction of methoxy radicals with 
hydrogen atoms to generate methanol may become important .. 
CH30H + M • • • . • • • • (9) 
Compared with most of the other secondary reactions 
the reaction between hydrogen atoms and formaldehyde 
is relatively slow with a rate constant of 5.4x1o-14cm3 
molec:1s-1 a ('I-Ll.) 
H~ + HCO ••••••• '· • (10) 
c::. 
The subsequent reaction of the HCO radical would be 
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expected to be much ter 
H + :aco • • • (11) 
'1.1lle other likely reaction of formaldehyde is with 
hydroxyl radicals 
OH + CH2o ~ H20 + HCO • • • • • • • • ( 12) 
This reaction has a rate constant of 1.4x1o-11 cm3molec:1s-1 
( 167) so at low hydro atom cone ions where [em] "-' 
0$01[H] reaction (12) will compete with reaction (10) 
but yield the same product radical. Since formaldehyde 
polymer was found on the walls of the flow tube an 
add ional reaction for formaldehyde must be the wall 
catalysed polymerisation 
• • • $ • .. 
A major reaction of the hydroxyl radical will be 
w methyl nitrite which has a rate constant of 
-12 ~ -1 (136) 'I~ 3x10 cm_..~molec. s but for which the products 
are not known4 
( 13) 
products ••••••••• (14) 
The bimolecular reactions of hydroxyl radicals with atomic 
and molecular hydrogen 
OH + H 
OH + H2 
H2 + 0 •••• ~ ••••• (15) 
H20 + H • • • ~ • • • • • (16) 
are unlikely to be significant in hydroxyl radical 
-16 removal as their respective rate constants are 7x10 
and -15 3 -'1 ~~/l (28) 0 em melee. s 8 
The fate methyl als is unce 
The most common re ions for small alkyl icals 
(methyl and ethyl) arc combination reactions, 
R + H. R 
and atom transfer equilibria of the form 
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R + H - X RH + X. (168) 
The atom transfer in this system would most likely 
involve methyl nitrite in the reaction 
o • • a a ( 17) 
If this reaction proceeded to a significant extent a:n 
increase in the methane yield would be observed at long 
times. This was not the case and hence this reaction must 
be of minor importance only. Methyl abstraetion of nitric 
oxide from methyl nitribe has been observed in pyrolysis 
experiments ( 169) 
but there was no evidence for this reaction in this 
system. It must be coneluded that the methyl radicals 
are long lived being lost by termolecular or perhaps 
heterogeneous combination with themselves to form 
ethane or hydrogen atoms to form small amounts of methane. 
CH3 + H + M • • .$ • • • • • ( 19) 
r.rhe overall observed stoichiometry of 3.8 hydrogen 
atoms per methyl nitrite molecule is consistent with 
hydrogen atoms reacting with CH30NO, CH3o, HNO, CH2o, CHO 
and NO'J. The stoichiometry would be lowered by the 
c. 
consumption of methyl nitrite by hydroxyl radicals and 
the loss of formaldehyde to the flow tube walls. The 
system is too complex for any further rationalisation 
of the observations. 
(b) Jh~-~~!h~itr:h_te_ReQ:::t~_ol!: In the reaetion 
betwc:en hydrogen atoms and ethyl nitrite the primary 
products N02 and IINO are identical with those of the 
methyl nitrite reaction and will react as they did 
in that reaction. Similarly in this reaction system 
ethane, hydrogen and nitric oxide can be considered 
unreactive. 
The reaction of the ethoxy radical with hydrogen 
atoms could follow pathways analogous to those of the 
methoxy radical reaction with the additional pathway 
to form methane and formaldehyde 
H + c2H5o ---7 C2H5 + OH • • • • • • 
---7 CH;r,CHO + H2 
' 
• • • • ? 
-) CH1+ + CH2o • • • • • • 
The ethoxy radical could alternatively undergo the 
unimolecular decomposition 
• 
• 
• 
• 
• 
• 
(20a) 
(20b) 
(20c) 
c2n5o ---7 CH3 + CH20 • • • • • • • • ( 21) 
Th t . . . 1 c -1 .. e ra e constant for th1s react1on lS ~.~s at room 
temperature (170) so for the rate of this reaction to 
equal the rate of removal of the radical by reaction (20) 
the rate constant k20 would need to be 1.5x1o-
14cm3molec:1s-1 
for a hydrogen atom concentration of 10 mTorr. The rate 
constant for an atom/radical reaction of this type is 
likely to be of the ord.er of ·10-11 to 1o-12cm3molec:1 s-1 
so at high or excess hydrogen atom concentrations the 
unimolecular decomposition is unlikely. In the 
stoichiometry determination these conditions do not apply 
as the hydrogen atom concentration is markedly lowered4 
Thus the unimolecular decomposition may become a 
significant removal process for the radical under these 
circumstances. 
If reaction (20b) did not occur and reactions 
(20a) and (20c) proceeded at a relative rate of 70:30 
then the products of the reaction of the ethoxy radical 
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with hydrogen atoms would be virtually identical to 
those of the reaction of hydrogen atoms with methoxy 
radicals$ Each reaction would produce an alkyl radical, 
a hydroxyl radical, formaldehyde and an unreactive 
species (H2 or CH4 ). If this were the case then the 
overall reactions would be virtually identi6al and hence 
the stoichiometries approximately equal. However the 
stoichiometries are 3.8 for the methyl nitrite reaction 
and 1~2 for the ethyl nitrite reaction. This would 
imply that reaction (20c) is responsible for less than 
30% of reaction (20) as if this is the case more hydroxyl 
radicals would be produced and less formaldehyde produced 
compared to the methoxy radical reaction. Both of 
these changes would lower the overall observed stoichiometry 
in the ethyl nitrite reaction from that of the methyl 
nitrite reaction. 
The rate constant for the reaction of hydrogen atoms 
with acetaldehyde is 3.2x'10-14cm3molec·:1s-/1 ('171 ) which 
is almost the same as that for the reaction with 
formaldehy·de ( 5 .4x1 o-1 ~'em3molec : 1 s - 1 ) both react ions 
ultimately yielding carbon monoxide. The difference 
between the two reactions is that while formaldehyde 
yields carbon monoxide after a two step reaction 
sequence, acetaldehyde has a three step sequence 
H + CH CHO 3 ~ H 2 + cn3co • • • • • • 
H + CHACO -) H + cn2co • • . . . • ? 2 
H + CH')CO -? CH 3 + co • • • • • • c... 
• 
• 
• 
The rate constant for reaction (23) has been estimated 
as 5x1o-12 and the reaction of hydrogen atoms with 
• (22) 
• (23) 
• 
( 2L.f.) 
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('172) Where the hydrogen atom concentration is low the 
initial attack on the acetaldehyde may be made by the 
hydroxyl radical 
. . . . . 
This reaction is much faster than the reaction with 
hydrogen atoms its rate constant being 1.5x10- 1 ~1 crn3 
molec:1s-1 • (173) These reactions are consistent 
. . (25) 
with the maximum observed in the acetaldehyde concentration 
as the reaction time was increased. 
Depending on the involvement of reaction (25), each 
acetaldehyde molecule would remove between two and three 
hydrogen atoms with the production of no other reactive 
species. However the stoichiometry of the ethyl nitrite 
hydrogen atom reaction is close to 1:1 atom:nitrite compared 
with 3.8:1 in the methyl nitrite reaction& Since 
formaldehyde consumes between one and two hydrogen 
atoms and acetaldehyde between two and three, the lower 
stoichiometry in· the ethyl nitrite reaction impJjes 
that little acetaldehyde is produced either by primary 
or secondary reactions. This ties in well with the 
argument that reaction (20a) is the major channel for 
the reaction of hydrogen atoms with ethoxy radicals. 
The differences between the two overall reactions 
seems to be due to the modes of decomposition of the 
alkoxy radical. The methoxy radical is lost by reaction 
with hydrogen atoms, the reaction proceeding via two 
channels. This work suggests that at high hydrogen 
atom concentrations the reaction of ethoxy radicals with 
14-3 
hydrogen atoms removes the radicals but largely via the 
single reaction (20a). At low atom concentrations 
the unimolecu1a r decomposition of the ethoxy radical Gs.::_l 
become an important reaction. The net effect of these 
two differences is to lower the stoichiometry of the 
hydrogen atom/ethyl nitrite reaction compared to that 
of the methyl ni.tri te re a.ct ion by increas i.ng the 
hydroxyl radical concentrat;io:n and decreasing the 
number of hydrogen atoms required for the removal of 
ethoxy radicals. 
(3) The Rate Constants 
Unlike the reaction bPtween the nitrites and 
ozone the Arrhenius parameters obtained from the reaction 
of the nitrites with hydrogen atoms are as expected. 
]'or the reaction of an atom with a complex molecule 
the steric fa6tor is less than that for the reaction 
of 2 molecules and is related to the partition fUnctions 
for vibration and rotation by 
- (qV.l:Q) 2 
qrot 
p 
This has a likely value of rv'10~2 $ Calculating the 
collision frequencies for these reactions one obtains 
-9 -9 ~ -'1 -1 1.15x10 and 1.40x10 cm~molec6 s for the methyl 
and ethyl nitrite reactions respectively. These yield 
t · r t r ~ /lo-2 d E ~o-3 · s ·erlc ac ors o x -an ,x, whlch are both 
within the range of the predicted values. The Arrhenius 
param<:)ters also lie within the range of values for 
other hydrogen atom reactions as do the activation eners:es 
(see Table VI.7.) 
'l'ABLE VI. 7 
ARRHENIUS PARAMETERS AND ACIJ.'IV NriON ENERGIES FOR HYDROGEN 
AT0!\'1 REACTIONS 
Reactant 
3 -1 -1 em molec. s 1 1-1 ,<J .mo 
MeONOa 2 .4?( -·1 '1) 16.22 
EtONOa 8.80(-12) 13 .8L;. 
H202 b 5.2 (-12) 11.63 
CH Oc 2 2~2 (-11) 15.71 
NO c 2 5.8 (-10) 6.15 
NO f 2 7.1 ( -'1 0) lf-.2 
Held ).8 (-11) ·JLj. $6 
c H S0 2 4 9.5 (-11) 8.13 
ONClf 7.6 (~'11) 3.8 
(a) This work 
(b) Ref 17lt 
(c) Ref 28 
(d) Ref 58 
(e) Ref 175 
(.f) Ref '176 
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(4) 
react 
The only other reported work on either of these 
has been a study of the methyl nitrite 
reaction with hydrogen oms undert by Moortgat et 
al ... ( 137) They used a d charge flow system attached 
to a photo:ionisation mass spectrometer, ran.the flow 
system at total pressures of around 4 Torr and used 
reagent concentrations an o er of magnitude higher than 
this work. The main discrepanc s between the two 
studies are that Moortgat et al. assigned methanol to 
be a primary product with a yield of 47% and showed 
that methane could not be a primary product, the opposite 
conclusions to those obtained in this study. The other 
d renee in the rate expressions which are shown 
below, that of Moortgat et al. being listed first. 
log10k = (->"12.37-:!:o4o9) - (z~o.L1.7) 
2.303RT 
• 20) - (1 E2.!._. -" 00) 
2.303RT 
The rate constants and, Arrhenius parameters have units 
Of Cytl3molec:1 q-1 and +-,l1e. • t · · kJ- l-·"1 L • _ u _ 1va 1on energ1es .mo • 
'rhe higher precis ion of the f t expression is 
artifici as Moort aL. quoted one standard 
deviation as their uncertainty whereas iihis study 
quotes two. Moo ot al .. used the nitrogen dioxide 
titration to obtain rogen atom concentrations but 
assumed 1:1 oichiomet rv 3ms. Tll could lead to 
an overestimation of the hydro atom concentration by 
7. 
a factor of 7 /2 and a correspond underestimation of 
the rate constant o Figure VI .2 sh \"!S the Arrhenius plots 
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~ 13·4 
<5 (c) 
0 
_.J 
I 
13·2-
~2 3!4 
1 03/T C K-·1) 
FIGURE VI.2 Comparison of Arrhenius Plots for the 
Methyl Nitrite-Hydrogen Atom Reaction. 
for both studies, 1 (a) represent the above 
expression of Moo gat et al., line (b) this value 
multiplied by 3;2 and (c) the results from this study., 
The room temperature rates are, for Moortgat's study 
1.65:'.:0.21x1o-14 which corrects to 2. .32x1o-'14 
compared with the value of 3.61:'.:0~71x10''"14cm.3molec7 1 s- 1 
obtained :in this udy~ Thus the two d. erminations 
are in satisfactory agreement at room temperature. 
While the rate constants agree at around room 
temperature the d erence in activation energies is 
significant. The most likely explanation for this 
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discrepancy resu s from the higher ssures and higher 
reagent concentrat used by Moortgat et al •• It is 
possible that the observ~d rate of methyl nitrite removal 
under their conditions was not governed solely by the 
rate constant of primary reaction but was affected 
by secondary reactions. 
The room temperature results of Moortgat etal .. 
are listed in Table VI.8 and it may be significant that 
even at constant total pressure the h st atom 
concentration produces the lowest e constant and 
the lowest nit e concentration gives t highest rate 
constant~ This t was observed this study when 
operating at reagent concentrations sl ly less than 
those of Moortgat et al~, viz., 40-50 mTorr of atoms and 
1-4 mTorr of nit e, where the rate constant calculat 
ranged upwards from '15 7: '1 1 o- · cm 7 molec: s • Some or these 
results are also shown in Table VI.B. this study 
icated that has been assumed that such a trend 
secondary reactions were complicating the analysis and 
th~ concentrations were lowered until the trend was no 
longer observed,at which point it was assumed that 
secondary reactions were not significantly complicating 
the reaction. If the primary reaction is followed by 
fast secondary reactions the effect of which cannot be 
minimised, then the normal method of obtaining the rate 
constant involves determining the overall stoichiometry 
and making an allowance for additional reagent consumption 
in calculating the rate constant. (9) This was not 
done by Moortgat et al. and as a result their rate 
constants could be in error especially if the atom excess 
is low. The atom excess employed by Moortgat et al 
ranged from 6 to 36 fold but was generally around 10 fold 
and a pseudo first ord.er analysis was used to calculate 
the rate constant. If the calculated hydrogen atom 
concentrations are in error by a factor of 2/3 this 
excess reduces to 7 fold and for an overal.l stoichiometry 
of 4 H atoms/methyl nitrite molecule , as found in this 
study, the atom excess would not exceed 4 fold. In this 
case the pseudo first-order analysis would be invalid. 
The conclusion is that Moortgat et al. are not 
studying the primary reaction alone but that a number 
of reactions all contribute to the nitrite loss. The 
observed rate constant is therefore a composite value 
made up of the rate constants of several reactions, 
although the validity of the method of analysis must 
also be questioned in some runs. The apparent temperature 
dependence of the composite rate constant will differ from 
TABLE VI.8 
COMPARISON OF THE RATE CONSTANTS OBTAINED BY MOORTGAT E':e 
AL. lJHTH REDUNDANT CALCUIJATED RATE CONS1rANTS FHOM THIS STUDY 
T p _[~ill_ [SH' oJo kx1014 
-----
K Torr mTorr mTorr 3 .:.1 ·~1 em molec s 
a) Moo et a:;.. 
298 1'"50 59.6 2.89 1.9'+ 
II 2.13 102.7 3-77 1.52 
II 2.4-0 .3 12.97 1.62 
II 3 .L~8 107.3 10.37 1.63 
II 3.49 92.7 9.20 1.64 
II 3.50 90.3 7.40 1. ?1 
II 3.52 '1 02.0 5.63 1.69 
II 3·53 151.7 ?.00 1.24 
II 3.53 53·3 5.10 1.50 
II 3.68 89.3 L~. 70 1.58 
II 3o68 '118 .. 7 3.30 2.03 
b) This study 
298 O.A90 56.4- 3 .. 12 0.844 
II II 
" 
3.06 1 ~06 
II It 
" 
2~83 0.965 
I! II 
" 
1.55 1.19 
II !I II 0.91 1.30 
II I! II 0.70 1.32 
If II 38.3 4.61 0.963 
11 
" 
II 3.19 1.05 
!I II !I 1 .,l!-5 1 •11-5 
rr II II 0.4-6 1.90 
II O.L~35 l!-4. 2 4.97 0.61? 
II II 
" 
2.70 0.829 
that of the primary react:ion leading to values r the 
Ar:r:henius parameter and activation ene which differ 
from those of the primary reaction. Some evidence to 
support th lanation comes from the Arrhenius 
parameter of L~x1 0-1 3 which over an order of magnitude 
( ~·11) below the predicted value tV1 q2x'10 and any other 
measured·value ~see Table VI.?). 
Methane was detected in this wo positively 
identified by the detect ion of d 1 methane in the 
deuterium atom reaction and found to have a ld of 
(8.7:!>1.5)%. Moortgat et alo claimed to be able to detect 
a yield of 2% methane but detected no d1 methane in the 
deuterium atom reaction although methanes up to d4 were 
detected. It unlikely the difference could be due 
to an error in the imation of the methano aensitivity. 
A more likely explanation, in view of the presence of 
higher deut ed methanes, is that the d1 methane 
produGed on reaction could react further with deuterium 
atoms, decreasing the d1 methane concent ion to below 
the 2% level before sampling. The reactions involved are: 
D + CH3D 
D + CH2D2 
D + CHD3 
CH2D2 + H 4 •••••••• (1a) 
CHDA + H ••• $ 0 ••• 0 (1b) 
? 
.. . " ., . " . • • ( 1c) 
The rate constan~ for these reactiom ear to be below 
1o-17cm\nolec:1 1 (/l77,'17S) and so the :reactions would 
be unlikely to proce signific ly in the system. 
However there a:es to no other source of these 
methanes as they are generally unreact so reaction 
(1) must be faster than stated, included the 
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reaction sequence. 
The major problem encountered in explaining the 
differences observed in methanol production results 
from the lack of kinetic data on the reactions of methyl 
and methoxy radicals with other species in the system. 
Methanol was detected by Moortgat et al. who assigned 
it to be· a primary product accounting for 4?% of the 
consumed methyl nitrite, whereas it was detected in this 
study only when the conditions of Moortgat's study were 
simulated, viz. when the pressure was raised. The 
evidence from the present study points to methanol 
being a secondary product produced at high total pressures 
and high reagent concentrations~ 
The abstraction of a hydrogen from methyl nitrite 
by the methoxy radical 
can be discounted completely. In both studies d,1 methanol 
was detected in the deuterium atora reaction and when 
Moortgat et al. reacted hydrogen atoms vlith d3 methyl 
nitrite d3 methanol was the product. The reaction of 
methoxy radicals with moleeular hydrogen could be the 
methanol source through the reaction 
• • " ( 3) 
but this process would be in competition with the 
reaction of methoxy radicals with hydrogen atoms 
CH2o + H2 
CHA + OH • 
? 
• • 
• • 
. . . 
• • 
There is no rate constant for reaction (3) but the 
. . 
analogous reaction of hydroxyl radicals with hydrogen 
• ( 4a) 
( 'i·b) 
Using this value for the rate constant of reaction (3) 
and assuming the atom concentration to be 1/5th the 
molecular concentration then for the rates of the two 
reactions (3 and L!-) to be equal the rate constant for 
reaction (4) would ne to be 3x1o-14cm3molec:1s-1 
which is 'some two orders of magnitude ss than the 
expe.; ted value of 10-1'1 to 1o-12cm3moiec:"'1s-1 • The 
other bimolecular reaction which could produce methanol 
is the reaction between the methoxy radical and the 
nitroxyl molecule. 
If the rate constant for this reaction were the same as 
that for re ion (4) the reaction would be unimportant 
as the om concentration would greatly exceed the HNO 
molecule concentration. Similarly the fast reaction of 
nitroxyl molecules with hydrogen atoms 
1 
(5) 
H ~ HNO H +NO 2 • • • • • 4 • , ' (6) 
which has a rate constant between ... 10-12 and 1o-13cm3 
molec:1s-1 ( 28 ) would keep the nitroxyl cone ration 
low so that reaction (5) can be discounted. 
The high pressure required to produce methanol in 
this study suggests a termolecular reaction may be 
responsible for methanol production. 'I!he direct 
addition of methoxy radicals and hydrogen atoms 
mtu.:;t also compete with reaction (L~). Using the rate 
constant for the addition of hydroxyl radic s to 
hydrogen atoms of 6.8x1o-31cm6molec:2s-1 ( 28 ) as an 
. (7) 
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estimate for the rate constant of reaction (5) and taking 
a ~ypical pressure from Moortgat' s work of Lt- Torr the 
pseudo second-order rate constant for reaction (7), 
niJ -14 3 -1 -1 k Ji1 , is 8x10 em- mo lee. s • This is between 1 and 
2 orders of magnitude slower than the estimate for the 
rate constant for reaction (4) and thus reaction 7 is 
unlikely to be significant.. The combination of methyl 
and hydroxyl radicals is also a likely source of 
methanol as reaction ( L~) is fast and produces both 
these radicals although their concentrations are much less 
than that of the hydrogen atoms. 
CHA + OH + M 
./ 
CH30H + M • • • • • • • ~ (8) 
The rate constant for this reaction·is not known but the 
same estimate of the pseudo second-order rate constant 
can be used as was used for reaction (7), viz. 8x1o-14 
cm\nolec71s-1 • Even at 50%. nitrite consumption, where 
the nitrite and methyl radical concentrations are 
approximately equal, reaction (8);~ still an order of 
magnitude slo1Ner than the hydroxyl radical reaction with 
methyl nitrite 
OH + CH30NO ~ products • • • • • • • • o ( 9) 
-'12 3 . -1 -1 which has a rate constant of 1.3x10 em melee. s o 
However at these high extents of reaction many of the 
hydroxyl radicals will react with the .formaldehyde produced 
by reaction (4) since the rate constant for this reaction 
is ·1 .. 4x'l0-·'1 1 cm3molec·:'1 s-1 ( '1G7) and the formaldehyde 
concentration at least 3/7th 1 s of that of the methyl 
radical. Thus reaction (8) is also unlikely to produce 
significant concentrations of methanol. 
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Throughout the above discussions it has been necessary 
to ~se, as estimates, rate constants from hydroxyl radical 
and hydrogen atom reactions in place of those of the 
correspondine; methoxy radical and methyl radical processes .. 
No reaction stood out as being a likely source of methanol 
with the rate constants of all reactions considered, being 
too low. Unless the rates of some of the alkoxy radical 
reactions are orders of magnitude faster than the 
corresponding hydroxyl radical reactions then the 
production of methanol cannot be exp:lained by this 
mechanism. 
It must therefore be concluded that the reaction 
system is so complex that the method used to study it 
in this work is unable to provide sufficient information 
for the mechanism to be fully determined. 
(5) Reaction's 
The difficulty of the detection of the alkoxy 
radicals in this study suggests. they have a low steady 
state concentration. This can be explained by the slow 
rate of production of the radical which will be 
somewhat less than the rate of nitrite removal which has 
a rate constant of 346 and 3.3 x 10-14cm3molec:1s-1 for 
methyl and ethyl riitrite respectively. Also the 
reactions of the alkoxy radical are fast with that with 
hydrogen ator:JS estimated to be between 'l0-11 and 10-12 
3 ' . ...1 -1 
em molec. s • Using the steady state approximation and 
the simplified reaction sequence 
one obtains 
CH3o + HNO 
products 
=1 IEH30N~=J . 
k2 
N 10-2 [cn3oNo] 
This explains the low staady state concent 
the radical which would be further lowered 
fast alkoxy radical reactions were included. 
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ion of 
other 
In conclusion the low steady state concentration 
of alkoxy radicals makes this reaction an unsatisfactory 
source of the radical for kinetic studies. 
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CHAP'l'ER VII 
SUMMARY AND CONCLUSIONS 
1. GASEOUS NITROUS ACID 
Gaseous nitrous acid has been postulated as an 
intermediate in many hydrogen, oxygen, nitrogen 
reaction systems but because of problems in its 
production and detection there have only been indirect 
studies of its reactions. In this work a discharge 
flow-mass spectrometer system was used in an attempt 
to make and detect the acid. It was found that gaseous 
nitrous acid could be formed in the discharge flow 
system at total pressures of 1-4 Torr by the reaction of 
hydroxyl radicals with nitric oxide 
OH + NO + M HONO + M 
Using discharged water vapour as the hydroxyl 
radical source a parent peak at ML~7 (mass peak 47) was 
observed indicating that nitrous aeid was formed and 
possessed a detectablt~ parent peak. This showed that 
the apparatus used in this study could be used to make 
and detect nitrous acid and only slight modifications 
to the flow tube would be rfJquired before reactions o.f 
the acid could be studied. 
Future work on nitrous acid reactions using this 
reaction as the nitrous acid source will be possible 
only if a more satisfactory source of hydroxyl radicals 
is found. Discharges through wate:r.· vapour and hydrogen 
peroxide are generally regarded as unsatiElfactory sources 
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of the radical and the normal sources, the hydrogen atom 
reactions with nitrogen dioxide or ozone, were .found to 
present insurmountable problems in this study. The 
most promising source appears to be the reaction of 
molecular oxygen with an excess of hydrogen atoms 
at pressures sufficiently high for the first reaction 
to be the termolecular production of the hydroperoxy 
radical 
This would be followed by the rapid reaction of the 
hydroperoxy radical with hydrogen atoms to give 
hydroxyl radicals 
OH + OH 
This seems to be a sufficiently clean source of hydroxyl 
radicals that the nitrous acid could be easily produced, 
detected and its reactions followed$ 
2. THE: REACTIONS O:B' OZONE WITH ME~rHYL AND ETHYL NITRITES 
The reactions of ozone with methyl and ethyl 
nitrites 'Here studied a stat reaction vessel under 
conditions of excess ozone using an infrared 
spectrophotometer to follow cone ration changes and to 
detect products. The reaction was shown to be t 
s :i.mple oxidation 
BONO + 07: ;; 
The rate constant ressions obtained wj.th k in units 
3 -1 -1 -1 of em molec. s and activation energ s in kJmol were 
= 
for lZ methyl 1 and 
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= (-15.50:!:0.32) 
for R = ethyl. The only unusual feature of this reaction 
is the abnormally low A.rrhenius parameter in the 
ethyl nitrite reaction which could not be satisfactorily 
explained. 
T~is reaction was studied because of its 
possible importance in photochemical smog but the room 
-20 temperature reaction rate values of 1.30x10 - and 
-19 3 -1 -1 1.17x10 em melee. s for R =methyl and R =ethyl 
show that this reaction is too slow to compete with the 
photolysis of the nitrite~ 
That these reactions are slow implies the 
analogous reaction of nitrous acid 
is also slow and is unlikely to be a significant reaction 
in the nitrogen balance in the stratosphere. 
3 o 'l'HE REACTIONS OF HYDROGEN ATOMS WITH METHYL AND 
ETHYI1 NITRITES 
( 1) ~~-1 ts.~<2!;._!£1is Stu~y_ 
'rhE~ reactions of hydrogen atoms with methyl and 
ethyl nitrites were studied using ::1 discharge flow--mc.1ss 
spectrometer system. Products detected in the methyl 
nitrite reaction were hydrogen, nitric oxide, methane, 
water and formaldehyde. Methanol was deteetecl at higher 
pressures with either methoxy radicals or nitroxyl 
molecules (or perhaps both) detected as intermediatesD 
The products detected for the ethyl nitrite reaction 
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were hydrogen, nitric oxide, ethane, water and possibly 
formaldehyde. Ethanol was detected at higher pressures 
with acetaldehyde, the ethoxy radical and nitroxyl 
molecule detected as intermediates. 
The primary reactions were shown to be: 
H + RONO RO + I-INO 
RH + N02 
R_HO + NO + H2 
where in the methyl nitrite reaction the yield of methane 
was found to be 8.7!1.5% of the consumed nitrite. 
The overall stoichiometries were found to be 
3.8:1 and 1.2:1, H atoms:nitrite for methyl and ethyl 
nitrite respectively. 
On the basis of the observed products and 
stoichiometries the following secondary reactions were 
included in the mechanisms for both reactions: 
H + HNO --? H2 + NO 
H + N02 ~ OH + NO 
OH + OH ~ H20 + 0 
0 + NO ---? N0 2 + h-0 
0 + OH ~ 0':)+ H 
c: 
0 + N02 ~ NO + 02 
li'or the methyl nitrite/hydrogen atom reaction other 
secondary reactions 
H + CH 0 2 
OH + CH2o 
H + HCO 
are: 
~ 
~ 
-) 
-4 
-~ 
CHA + OH 
? 
CH20 + H2 
H2 + HCO 
H20 + HCO 
H2 + CO 
For the ethyl nitrite/hydrogen atom reaction the 
secondary reactions 
H + c2n5o 
H + CH3CHO 
OH + CH7.CHO ;:; 
H + cn3co 
H + CH2co 
are: 
c2H5 + OH 
cn3co + 
CH3co + H2o 
CH2co + H2 
CH3 + CO 
To account for the lower overall stoichiometry in the 
ethyl nitrite reaction compared to the methyl nitrite 
reaction it is necessary to postulate a low yield of 
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acetaldehyde. Any further rationalisation of the mechanism 
is impossible as fragmented nature of the nitrite 
spectrum made product identificat difficult. 
The rate constant ssions obtained with 
3 -1 -·1 k in units of em molec ._ s and the activat energy 
-1 in kJ.mol were: 
(-'10.61 .20) 
for the methyl reaction and 
for t ethyl nit te reaction~ The Arrhen parameters 
and activation ene s are cons with those 
expected f'or this type of reaction. 
As a source of alkoxy radicals for kinetic 
experiments these reactions are uns factory ::w the 
steady state concentration of the radical very low. 
This brought about by the slow rate for the radical 
production but its rate of removal by react 
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(2) Future Studies 
The two studies of methyl nitrite reaction with 
hydrogen atoms, namely this study and that of Moortgat 
et al. , show several differences. 'l1he products observed 
differ,w:Lth Moortgat et al~ claiming methanol to be a 
major primary product but not methane, the opposite 
conclusions to those of this work. There is also a 
marked difference in the temperature dependence of the 
rate constant expression. 
To check on the primary products one method would 
be to run the reaction under the conditions of this 
study and bleed off some of the reaction mixture for 
gas chromato~rctphic analysis. Provided the atoms were 
destroyed. on sampling by passing them over an active 
surface, this analysis would assist in the identification 
of the primary reaction products. 
An attempt was made to use a computer to simu.late 
the conditions in the flow tube given the initial 
concentrations and mechanism presented in Chapter VI. 
'l.'he aim was to fit the meehanism to the observations 
and thus find the most important secondary reactions. 
It was also planned to use this computer model to 
attempt to fit the concentration profiles and rate constant 
expression obtained by Moortgat et al ... Unfortunately 
the computer package being used in this work (the 
Burroughs Jlynamic MQdclling, Dynamo paekage) proved to 
be faulty and as the errors could not be readily 
rectified th~s approach had to be deferred. Onee this 
paekage is operable this work should continue as it will 
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indicate the more important reactions and will enable the 
two sets of work on the methyl nitrite reaction to be 
compared. 
Most of the problems encountered in trying to 
rationalise the observations of this study resulted 
from the lack of kinetic data on alkoxy radical reactionso 
This problem will continue with all similar"' systems 
until a satisfactory method of obtaining kinetic data 
on the radical can be found. The lack of distinct 
spectral features of the alkoxy radical indicate that a 
discharge flow/mass spectrometric system may be one 
of the best methods available for studying these reactions. 
The major problem would be in the clean production 
of the radical. 
It may be possible to photolyse a compound in 
the flow tube to yield the radical. In this case the 
dialkyl peroxide (RCOR) would possibly be the cleanest 
alkoxy radical source, ( 179) although the yield may be 
too low. 
ROOR + h-0 RO + OR 
For a reaction to be used as a radical source it would 
need to have a rate constant the onler of 
/J0-11 cm3molec:'1 s-1 o- The react ions of hydrogen and oxygen 
atoms, (9) and hydroxyl radicals _( 136 ) with alkyl 
nitrites, and the reaction of hydrogen atoms with 
methylhydroperoxide (CH300H) (
166) have all been found 
to be too slow~ The r.'eaetions most likely to produce the 
alkoxy radicals are those where an atom or radical attackG 
an oxide or peroxide in a reaction of the type: 
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A + ROX RO + AX 
wh~re A = O, H, N, OH or CH3 
X = Cl, Br, N02 , NO, OR or OH 
The major problem that wottld be encountered with many 
of these reactions is the preference for A to remove a 
hydrogen from the alkyl group rather than the X group as 
required~ 
The reaction of hydroxyl radicals with the alkyl 
nitrite is an important reaction in the mechanism 
proposed in Chapter VI and may account for much of the 
nitrite consumption at long times. The rate constant 
of the methyl nitrite reaction has been determined ('13G) 
but the products have not been identified. If this 
reaction proceeds to a significant extent as a secondary 
reaction in the hydrogen atom/nitrite reaction system 
then the products would need to be included in the 
mechanism* The identification of the products of 
the hydroxyl radical nitrite reaction is therefore 
important if a full understanding of the hydrogen atom/ 
nitrite reaction is to be achieved. 
APPENDIX I 
THERMO CHEMICAJ.J DATA 
Enthalpy changes for chemical reactions were 
calculated using the following heats of formation 
obtained from the JANAF Thermochemical ~rables ( 180 ) 
unless otherwise indic::J.ted. 
Species 
H 
0 
N 
OF! 
HNO 
HN02 
HN0 3 
CH11_ 
CH ONIDa 3 
a c2H50NO 
crr3owo2b 
C,)fc-ONO"> b 
c._ ) <::. 
CH ORb 3 
CJI:;(Oa 
) 
~1Pr29s 
kJ.mol-1 
217.986 + 0.004 
249.19 
472.8 
39.43 
102.5 
145.69 
33.10 
90.33 
- 76~73 
- 78.83 
-134.30 
- 74.87 
- 66.9 
-102.5 
-·'121.8 
-201.'12 
+ 0.13 
+ 4.2 
+ 1.26 
+ 0. BL~ 
+ 1.7 
+ 0. 8L+ 
+ 0.17 
+ 
- 1.34 (cis) 
+ 1.34· (trans) 
+ 0.42 
+ 0 7."7 
•)? 
+ 2.1 
+ 1. 3 
+ 1 .2 
+ 0. 2'1 
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Species .DH~298 f 
------·--·1 
kJmol 
a 1'7 .2 + 2~9 c2H5o - -
CH20 -·/115-9 
+ 6.3 
-
C H OHc 
2 5 -235.10 
C H 0° 2 4 ·-166419 
c SLI- .68 C2H6 -
C2H5 
c +104.6 
a Reference 134 
b Reference 181 
c Reference 182 
APPENDIX II 
PURIFICATION OF OZONE 
Ozone is hazardous because it can explode 
violently and it has a very high toxicity with a 
threshold linli t value ( rr. 1. V.) of 0.1 ppm, compared with 
10ppm for hydrogen cyanide. The T.L.V. is the 
maximum' recommended concentration in \'vhich humans 
can safely work for an 8 hour day. (183) 
A commercial ozonator running on pure oxygen 
produces about 3% ozone in the oxygen stream and this 
concentration will readily attack rubber tubing and 
hydrocarbons such as grease and pump oil. The ozone 
can be destroyed by bubbling the ozone/oxygen mixture 
through a potassium iodide solution where the oxidation 
of iodide to iodine takes place, and can be used as a 
quantitative analysis for ozoneo 
+ -o3 + 2H + 2I 
Obtaining pure ozone from this mixture must be 
carried out vrith high regard to ~:;afety features as ozone 
readily explodes if it rapidly evapourates from a glass 
surface, is heated or if a high pressure exists. 
Pressures of pure ozone greater than 100 Torr are not 
recommended. ( 184) 
a1. 
The following method of purification of Cook et 
('185) appears to be the safest. The ozone is trapped 
from the oxygen by puss:i.ng the mixture through a "U" tube 
containing non indicating silica gel held at 195K by a 
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dry ice bath the level of which is below the level of the 
silica gel. At this temperature 4a5gm ozone will 
be adsorbed per 100gm of silica gel. After passing 
through the 11Un tube the gas should pass through a 
potassium iod 
before the oxygen 
iodide solution 
' 
bubbler to remove traces of ozone 
allowed into the room. When the 
appreciably darkened the silica gel 
fully loaded with ozone. To purify the ozone the nu·n 
tube is isolated, surrounded by liquid air and the oxygen 
pumped off .. Once the oxygen removed the ozone can 
be stored on the silica gel, although some decomposition 
will take place, expanded into a bulb by warming, or 
transferredto another silica gel filled trap. The liquid 
air trap before the pump should also contain silica gel 
as the system will need to be pumped out occasionally. 
The trap can safely be removed from the line as normal 
and placed in a fume cupboard where,as the trap warms,the 
ozone will be liberated .. 
Once it is adsorb on to silica gel the ozone is 
quite safe as at 168K a load of 21gm of ozone per 100gm 
silica l was subjected to an electric discharge with 
no resultant explosion~ (185) Also in the present 
study a eous ozone lesion shattered a trap 
containing ozone on silica gel but the adsorbed ozone 
d. id not explode~ 
When working w:Lth ozone points to note are 
( :l) Ensure ozone cannot co ense on s 
above the silica 1 as on warming it may explode. 
( ii) Use greaseless stopcoc and fluorocarbon 
greases .. 
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(iii) Do not jar a sample of eous ozone 
either physically or by subjecting it to a sudden pressure 
change. 
169 
API'ENDIX III 
HEAT TRANSFER FROM THE WALJ_JS THE FLOW TUBE HFrO 
GAS STREAM 
The ai. m of th section is to show that the 
heating arrangement described in Section III.1.(1) 
was sufficient to heat the gases the flow tube.· 
Equations used in this section can be found in the 
Chemical Engineers Handbook (186) and the constants 
us are from this source or the Handbook of Chemistry 
and Physics. 
Consider the case of the flow tube with the wall 
tempera·ture held at Tw by circulating water. The gas 
enters the heated portion of the tube with temperature 
Tg0 and at a distance L down the tube the temperature 
changed to Tg. The problem as it applies to this 
work is how long L be fore Tg is within an 
acceptable range of ~!w. 
The solution to this problem d ends on the nature 
of gas flow, whether is laminar or turbul 
The t.e for turbulence is to calcul e the dimensionless 
Heynolds nwnbe r ( NP ) • If th 
.,.e number exceeds 2100 
the flow is turbulent if not the flow is laminar. 
The Reynolds number is given by 
NHe 12~-t£~ 
r 
w·here D = flow tube diameter 
v - gas flow velocity 
gas density 
gas visco$.ity 
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These constants were calculated for argon at 0.1 Torr 
and yielded at fast flov1 velocities 
D - 0.02rn 
v = 'lOrn. s-1 
·-5 -2 ~t- = 2 o15x'l 0 N. s • m 
=4· -3 2 • 14 x1 0 kg • m 
trom which 
The flow is therefore laminar. For the slow flow conditions 
where 
v = 2 m.s. -1 
and 8 • L~6x'l 0-L~kg. m-3 
"the Reynolds number is 1.57 so under all conditions in 
this work the flo·w is laminar. 
The heat transfer (q) into the gas is g~ven by 
where h = heat transfer coefficient 
A - area of flow tube wall in contact with ihe gas 
..6. T = difference between ·wall and gas temperat"t:tre 
If the flow is plug then dA ::o:'/l"-DdL and so 
clq = h • .D'l'. 7r .D.dL 
The mass flow of gas per unit time G is given by 
G = A. v. ;0 
2 . 
"-c '1]:~ D =.!.'!..•_fJ 
1+ 
( 1) 
The heat transfer is related to the heat capacity of the 
gas by 
d q ~ G . Cp • d 'I' 
where Cp is the heat capacity per unit mass. 
Hence dq - 1t...:l2=·v·/•Cp.dT ••••••••• 
4 
• I) • 0 (2) 
Equating (1) and. (2)' yields 
h. L.\T.'Jr.D.dL = 11.p2 .v~.Cp.dT 
Lt. 
4.h .dL = dT 
D.vr.Cp ...6T 
Integrating and inserting the boundary condition that 
when L == 0 Tg 
LLh.L 
= Tg gives 
0 
D .voj?. Cp 
The heat transfer coefficient is not known but can be 
calculated if the Nusselt number (NN
1
) is known.> 
because 
N = h.D Nu 
k 
where k = thermal conductivity 
For simple systems equations for determining the 
Nussel t number have been derived. For a circular tu1)e 
there is the Hausen equation which can be used provided 
the dimensionless Graetz number (NGz) is less than 100. 
This is defined as 
NGz = NRe.NProD 
--·------
L 
where Np is tb.e Prancltl number defj ned as 
r 
NPr = 2£#-
k 
For argon Cp 
and k 
Hence N '""' P.t 
·-
-
-
0.52 -1 ·~1 kJ.kg K 
1.73x10 «•5 k,J. s -'1 
0.65 
The Graetz number is therefore 
·~1 -/1 
m K 
·-2 5. 2x·10 for a 50 em long tube 
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This value for the Graetz number is well less 
than 100 so Hausen~ equation can be used to caleulate 
the Nusselt number. 
3-.66 + 
o,.vh e r)/b = v osity of the bulk gas 
= viscosit;y of tl1e gas t.11 the layer ad.11eri11g 
to the wall 
The second term is negligible compared to the first so that 
::::; 
and 
3.66 
3.66 k 
I5 
Iw=:eT't ing this ression into equation 3 yields 
loge ( ____ -__ T__ w_ ) :::: 14 .6'+ ~!!;__ __ 
~ Tw D .vy.CP 
the difference between the initial gas 
temperature and the vvall temperature is 50K o.nd the 
temperature requJred to be within 0.5K of the 
'Nall temperatu:r:e then 
ln 
and. L 
k 
Us in§; the values for fast flow conditions 
D :::: 0.02m 
v ... ·']0 ms ·-1 
p ,jJ- -3 -- ') Vfx/10 \''' m L ·' . J ·C::, •. 
Cp -~ 0,52 lcJ. =·1 K-·'1 
r.: -1~-1}-·1 k :::: 1~73 o·-) k.J s m r 
one obta L 
_::<: 8x10 ?m 
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Hence within 8mm of entering the heated section 
of flow tube the gas is within 0.5K of the wall 
temperature. Since the gas travels at least 5cm befo:re 
reaching the nitrite inlet it is reasonable to assume 
the gas temperature is the same as that of the flow 
tube walls. 
APPENDIX IV 
CALCULATION OF RESULTS 
1 • CONCENTRATION OF RE;AGENTS 
(1) St ic Reaction 
The initial concentrations of ozone and nitrite 
were calculated from the pressures of these reagents in 
their respective parts of the cell and the previously 
determined ratio ofvolumes within the cell. In most 
cases it was not necessary to calculate nitrite 
concentration during the reaction but where a second 
order analysis was applied the nit e absorbance was 
extrapolated to zero time, the extinction coefficient 
calculated and the concentrations determined. 
(2) D tern 
The concentration C(X) in Torr of any gas X at 
the sampling leak could be calculated fr·om its 
sensitivity S(X) in amps Torr-1 and the mass spectrometric 
peak height A(X) in amps using the re ion 
C(X) = A(X) 
S(X) -
However only the absolute sensitivity of argon was 
determined daily all other es havine; sensitivities 
expressed relative to argon previously determined. The 
absolute sensitivity for gas X is given its re1at:i.ve 
sens ivity R(X) and the current ~3 nsitivity S(Ar) by 
S(X) = S(Ar).R(X) 
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Since the argon concentration remained constant 
variations in argon peak height meant corresponding 
changes in the absolute sensitivity. If on calib~ation 
the argon peak height was A1 (Ar) and later changed to 
A(Ar) then the sensitivity S(X) can be related to the 
sensitivity on calibration S'(X) by 
S(X) = S 1 (X). A(Arl 
A 1 (Ar) 
The expression for the concentration of X becomes 
C(X) = ~(X).~~E2 
A(Ar)S 1 (Ar).R(X) 
where the second term is a constant for a particular run .. 
2. GAS VELOCI'rY IN THE DISCHARGE FLOW TUBE 
The gas velocity in the discharge flow tube 
at the point of sampling was calculated from the 
expression 
u ~ F.T.P 1 = K.F.T 
A.T I .P p 
where u is the linear flow velocity in em -1 s ' 
T,T' are the temperatures in Kelvin at the time 
of the experiment and of calibration of the 
capillary flow meter, 
P is the argon gas pressure in Torr at the sampling 
leak as determined in the experiment 
P' is the atmospheric pressure in Torr at the 
time of cal1.brat ion of the flowmeter 
A is the eros-sectional in 2 of the flowtube area em 
F is the f1owrate of argon in 3 -/1 em sec as determined 
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by the flowmeter 
and K is a constant incorporating P'T' and A and had the 
1 '1 • Ob~ T - 2 ·- 1 . 1 t va ue . orr em · K 1n t e presen system. It was 
only necessary to determine the flow and pressure of 
the argon to determine the flow velocity. 
3. RATE CONsrrANT CALCULATIONS 
In all cases where the rate constant is calculated 
the reaction was carried out in an excess of one 
reagent so that the reaction became pseudo first order. 
In the reaction between ozone and the nitrites the 
infinity value of the nitrite sometimes lay outside 
the range of the recorder and because of the small 
though finite mixing time, extrapolation of nitrite 
concentration to zero time was found to be inaccurate 
so tho Guggenheim method which requires neither a 
zero nor infinity reading was used. The calculations 
associated with the discharge flow system are generally 
straightforward however the pressure drop down the tube 
greatly increased the complexity of the analysis. 
("I) Q.~1£f3!E:Q~im~.~1e:!2_hod 
Consider the general second order reaction 
A + B 
which has the rate expression 
= clA 
dt 
products 
where A and B a.re concent;rations of species A and B and 
k2 is a second order rate constant. If B is in large 
exeess then 
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- dA 
d:·t 
• • • ( 1 ) 
where k1 is a pseudo fi 
k1 = k 2 .B 
order rate constant 
Solving equation (1) and inse ing the boundary condition 
A =- A0 when t = 0 gives 
A ::::: Ao , exp ( ~- k 1 ~ t· ) 
Let A at time t be At· 
and A II II t + T be At' 
Then At = A0 .exp(-k1 .t) 
and At, = A0 • exp ( .... k 1 ( t + '1') ) 
Subtracting gives 
At' -At = A0 Qexp(-k1 .t),(1-exp(-k1T)) 
loge(At'-At) - const - k 1 .t •• ~ • ~ •••• (2) 
Hence a plot of - loge(At'-At) against t will give a 
straight line of slope k 1 from which 1<:.2 can be calculated. 
Furthermore it is not necessary to use the 
concent ion of cies A, anda-parameter v1hich is 
proportional to concentration (c) is sufficient,. Suppose 
G c,.A 
then loge(At'-At) = loge (Gt' 
Hence equation 2 becomes 
' 
)-log c 
e 
loge(Gt,-Gt) - const -k1 .t 
and a plot of - lo (Gt,-Gt) t t 
line of slope k1 ~ 
a straight 
In tho calculat of rates for the ozone/nitrite 
rt:actions the abso e was as a measure of 
cone ion if 
.{\;t is tho ahso e of nit te at 
time t a plot of -log ( ~'e ,-At) ae;a t t was used to 
obtain k1 and hence k2 • 
(2) Q~!~A£?};zsis_2:£...:!2.i§..£l~~_Eloy.r §;ysten! 
Consider the second order reaction 
A + B 
with rate expression 
-dA 
dt 
products 
where A and B are the concentrations of species A and B 
and k2 is the second order rate constant. If B is in 
large excess this simplifies to 
-dA 
dt 
= 
where k 1 is a pseudo first order rate constant 
k 1 ·- k 2 .B 
Solving this differential equation with the boundary 
condition the A = A0 when t = 0 gives the solution 
Under the specified conditions if the gas velocity is 
u and the reaction distance is x 
or 
t X 
u 
against x would give a straight line of slope k1 
-
-
u u 
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from which k1 and k2 could be calculated~ 
However in the case where there is a pressure drop 
down the tube the analysis changes. measurements 
are made at the low pressure end of the tube then the 
early stages of reaction take place at higher 
reagent concentrat , because of the pressure drop, and 
the reaction therefore faster than if the same 
quantities of es passed through a section tube 
closer to the low pressure end. This increase in 
pressure has the same effect as a non linear increase 
in reaction time up the tube and the following analysis 
shows the pressure drop correction increases the reaction 
time from that calculated from 
-u 
Consider the second order reaction to be taking 
place in a flow tube 
p ::::: Po p = p 
r 
A 
-- Ao ! A = A FlO\V -? 
B :::: Bo B = B 
·--+----·~---------------~--+-
X :::: X X = 0 
ssu:ce d down tube given by t 
Poiseuille expression 
1 
y = P = (1-b.x)~ ('1) 
PO. 
If B is in large excess the change :ln concentration of 
B down the tube is entirely due to the pressure drop so that 
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Consider a volume element o.f the tube "n-r2dx, the time 
a molecule spends in this element is 
--u 
= P.dV •••••••• 
R. T-:-F. 
. . ( 2) d t o~ dx 
where u and v are the average linear and volumetric 
flow velocities, P, V, R, T come from the gas equation 
and F is the flow of gas in molesper second. The total 
time a molecule is in the tube is the contact time tc and 
tc = P.V 
R.T.F 
Substituting for dt in the rate expression -dA - kAB 
dt 
gives 2 -d(v.A) - ~.r .k.A.B.dx 
. 
. . 
2 
-v.dA - A.dv -- 1/.r .k.A.B.dx • • • • • • • ( 3) 
Let v = R.T.F = C 
obtaining differentials 
dx - ·-~.dy 
b 
dy == dP 
p 
0 
p p 
dv == C.dP 
-2 
p 
Substitute for v B and dx in equation (3) 
-C$dA + A.C.dP = 
--p p2 
Hence ~C.dA + C.dP = 
A p 
-2.:P.dP 
_,_ 
b p 2 
0 
Integrate and insert the boundary conditions when 
X ""' X 
-c.log 
- e 
Substitute back for C, D, b and p/PO 
P0 .v.loge 
t 
c 
') 
Since V == '7/rcx 
( Y·:o) 
2 log (y.AAo)· . ~ . (1+y2-) e . • • • ( '+) 
The contact time tc is related to the average linear flow 
velocity u 
where u 
t 
c 
:::: 
X 
u 
1 (~lx---0 + u ) X==X 
The velocity is pressure dependent so 
Hence u 
and tc -- 2x 
----
uo. ( '1 +y·) 
Bo ·- B 
y 
Ao = A' 
y 
where A' is the concentrntjon of A at x - Q in the 
absence of reaction 
Substitute for t
0 
k.B.2x 
y u0 ('1 +y) 
2 k.x~(1+y-) 
y.('l+y) 
') 
c.. 
equation (!+) 
.10[:-~ (i\ 1 ) e --· 
A 
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where u B A and A' are all determined at x = o. Since 
A'· is a constant a plot of either loge (i~)or -·loge A 
against 2 ~·C1+Y l 
y. ( 1 +y) 
will be a straight line of slope k • 
u 
As the pressure drop decreases y tends to unity and 
x.(1±;y::.2. tends to x and this is the same result as the 
y.(1+y) 
initial case without the pressure drop. 
To calculate the above function of y the Poiseuille 
expression was used in the form 
P
0
2 _ P2 J.6F ·W.!.T .x 
rr. rL~ 
where F is the flow rate,2, the viscosity) r the tube radiusJ 
R the gas constant and T the temperature.· In this work 
the expression reduced to 
where T 
P 2 - P2 = 2.55x10-6T.x 0 
in Kelvin,x is in em. 
The computer programme des(;ribed in Appendix V found the 
value of y for each value of x and performed a least 
squares analysis of the plot of +log A against x. 1 
e --·~·~-~ 
y.(1+y) 
to obtain the rate constant. 
The rate con:stant units used in this work were 
c~s) the same as adopted by the C.I.A.P. programme r.:. 
namely cm3(n-1 ) molecu1e(1-n) sec-1 where n is the 
order of the reaction. 
(3) 
the Ji'lovr 
This section examines the effect a variation in 
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temperature in the unheated end section of the flow tube 
would have on the calculated rate constant. 
Using the same conventions as the previous section 
considf)r the pseudo first order reaction with its 
corresponding rate expression 
A + B 
-u.dA 
dt 
products 
If there are two sections of the tube at different 
temperatures then there will be two different rate 
constants for the two sectiom of the tube and 
u.dA 
dt 
where k1 , is the rate constant at the required temperature 
and k1 is that in the variable temperature region.. If 
all measurements are made with the movable inlet jet 
within the heated section of the tube then the length 
of the variable temperature section will be constant 
at x1 . Integrating the rate expression yields [ ' J X + k 1 X 01 
-u 
Hen~e a plot of -log
8
A against x will give a straight line 
of slope k1 and the variable temperature section has no 
u 
e:ffect on the cnlc:.tlated rate constant. r_rhis result 
applies only to first-order react1ons and for 
measurements where x > x1 8 
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1-J.. CALCULNI:ION OF CO:LIJISION FREQUENCIES 
The collision frequencies (Z) were calculated using 
the formula 
z "~( §;:t~~~ 
where Cl= average molecular diameter. 
/a= reduced mass 
The following molecular diameters were used in the 
calculations. In many cases the molecular diameters for 
the desired molecules were not known so those of 
molecules of expected similar size were used. Where 
this was done the other molecule is shown in brackets. 
* 
Molecule 
H (He) 
CH30NO(nC4H10) 
c2H50NO(nc5H12 ) 
o3 ( C02 ) 
CH4 
C2HL~ 
C3H6 
C4}I8 
NO 
N02 (N20) 
Reference 188 
Molecular Diameter 
A 
2.6 
5.0 
5.8 
4-,.0 
368 
4.2 
530 
5~0 
3.5 
3.8 
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APPENDIX V 
COMPUTER PROGRAMMES 
Two computer programmes were used in this work 
and since th~y both required least square analyses along 
with data manipulation it was found convenient to use 
the Omnitab II data manipulation and statistical ( 1B9) 
package attached to the Burroughs 6718 computer~ 
The first programme was that used to calculate 
the rate constant in the discharge flow system study and 
included allo·wance for the pressure drop down the tube. 
The input data was the loge of the electrometer reading 
for the nitrite peak height and the measured reaetion 
distanceo The programme calculated the corrected 
distance expression ~_:(1~;y~ 
y.(1+y) 
and performed a 
least squares analysis of the loge nitrite concentration 
against this expression. From the slope and intercept 
of this line the rate constant, the initial nitrite 
concentration and the predicted values were calculated. 
The inpu.t data to the least squares analysis and the 
predicted values we~e plotted on tho same graph to 
highlight any marked deviation from linearity. The 
computer output from a tJ~}ical set of data is shown 
after the description of the activation energy programme& 
Page "1 lists the input dat<J for the least squares 
analysis along with the output of predicted values and 
deviations. Pages 2 and 3 show plots of the residuals 
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against the input order and the two parameters so any 
trends in the data can be observed. The probability 
plot of the standardised residuals is also included. 
Pages 4 and 5 list the statistical info ion from the 
least squares analysJs, t·he most important data being 
the coeff ients and their standard dev ions on page 5.-
Term 0 is the intercept and term 1 the slope. Page 6 
a plot of the input data to the least squares analysis 
(dots) along with the predicted values (asterisks), 
numbers indicate multiple points on the same print 
position. Pages 7 and 8 list the input data, the results 
and the other calculated values required to ensure the 
programme has run successfully. Pages 9, 10 and 11 list 
the programme. 
The other programme used,was to calculate the 
activation energies and .1\rrhenius parameters of a 
reaction from thf~ temperature and rate comJtant values 
by performing a least squares analysis of the log10k 
verses 1/T plot. A sample output shown following 
the rate constant calculation output and the two 
programmes have the same output format,, 
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PRQGRAM TO CALCULAT" THE ACTIVATION ENERGY OF A REACTION FROM 
PA•RS OF TEHPERATU~~ AND RATE CONSTANT VALU£S 
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10 
, 0 ~--RE-Av--I:-ro-?~!;i;-TEr1PERkitJRE: I.~'id COt..-----r-x-~NST !NTO COL Z 
. S METHYL Nl RITE 
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14 11 $ ,~ READ 1 2 :: 
1 ; 296. -3•52E-i"> " 293~ 3v7oE~t4 
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15 298• 3v74E-14 20 
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LIST OF COMMANDS• DATA AND OIA~NOSTICS 
POLYFIT LDGRATE IN CuL 4 WEI~HTS 1.0 DEGREE 1 TO INVT IN COL 3 ANS IN 5 10 
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12 DEFINE LOG A IN ROI'i l Qr COL. 5 INTLI COL. 8 ,, 
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14 CALCuLATE THE PREDICTED VALU~S OF LD~ KATE CDNST '" 
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17 :~ 
" 18 
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